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Executive Summary

The Monte Carlo radiation transport code MARS is usetiddel the generation of gas
bremsstrahlung (GB) radiation from 7-GeV electronscWhscatter from residual gas
atoms in undulator straight sections within the Advarnbdton Source (APS) storage
ring. Additionally, MARS is employed to model the ir@etions of the GB radiation
with components along the x-ray beamlines and then deterthe expected radiation
dose-rates that result. In this manner, MARS can be tssedsess the adequacy of
existing shielding or the specifications for new shieldirfigewrequired.

The GB radiation generated in the “thin-target” of anstiaight section will consist
only of photons in a 1/E-distribution up to the full emeof the stored electron beam.
Using this analytical model, the predicted GB powerafdypical APS 15.38-m insertion
device (ID) straight section is 4.59x10W/nTorr/mA, assuming a background gas
composed of air (&=7.31) at room temperature (293K). The total GB power provides a
useful benchmark for comparisons between analytical ancemeah approaches. We
find good agreement between MARS and analytical estinfatestal GB power. The
extended straight section “target” creates a raduwiilerof GB, which is highly peaked
centered on the electron beam. The GB distributiieats the size of the electron beam
that creates the radiation. Optimizing the performafddlARS in terms of CPU time
per incident trajectory requires the use of a relatigébrt, high-density gas target (air);
in this report, the target densitygk = 2.89x10? g/cnf over a length of 24 cm.

MARS results are compared with the contact dose leegsrted in TB-20, which
used EGS4 for radiation transport simulations. Maximusedates in 1 cc of tissue
phantom form the initial basis for comparison. MAR®d EGS4 results are
approximately the same for maximum 1-cc dose-rates aeduation in the photon-
dominated regions; for thicker targets, however, the ddseamlonger depends only on
photon attenuation, as photoneutrons (PNs) begin tonddeni

The GB radiation-induced photoneutron measurements foaumn different metals
(Fe, Cu, W, and Pb) are compared with MARS predictidrge simulated dose-rates for
beamline 6-ID are approximately 3-5 times larger thannbeasured values, whereas
those for beamline 11-ID are much closer. Given the rtaiogy in local values of
pressure and Z, the degree of agreement between MARSare\t measurements is
good.

MARS simulations of GB-induced radiation in and around #0OE show the
importance of using actual pressure and gas compositigi @ obtain accurate PN
dose. For a beam current of 300 mA, extrapolating presswaergsured in previously
published studies predicts an average background gas presur@Ddrr. An average
atomic number of &=4.0 is obtained from the same studies. In additiondetsoof
copper masks presently in use at the APS are included. &iomsl show that inclusion
of exit masks make significant differences in both #eation spatial distribution within
the FOE, as well as the peak intensity.

Two studies have been conducted with MARS to assess sigieldquirements.
First, dose levels in contact with the outside wéltlee FOE are examined when GB
radiation strikes Pb or W beam stops of varying trasgvsize within the FOE. Four
separate phantom regions are utilized to measure thetdmsat beam elevation and two
at the horizontal beam position. The first two phaerga@re used for scoring FOE dose



along the outside and back walls, horizontally; the seéd¢amm collect dose on the roof
and vertically on the back wall. In all cases, tharbetop depth is maintained at 30 cm.
Inclusion of front end (FE) exit masks typically causk-2 order-of-magnitude increase
in the dose-rates relative to the case with no maskKdasks place secondary
bremsstrahlung sources inside the FOE, and therefoeg thust be shielded
appropriately. The MARS model does not fully accountdi shielding present in the
hutches; localized shielding is employed in individual heschTypically, a collimator,
placed downstream of the FE exit masks, mitigates thsilpesincrease in dose.
Regarding beam stop transverse size, a modest reductiorsenotiothe back wall is
noted as the stop dimension (square cross sectionyésaged from 12 cm to 24 cm.

In the second study, the thickness of Pb required tddsagainst the GB extremal
ray is determined. In this study, we are interestednuhirfg the thickness of material
necessary to add at the edge of a stop to adequately blockdsBion; therefore, we
look at the case of no masks in order to have a vediheld GB beam edge. Simulations
show the separation between the extremal ray anédge of the shielding should be
2Rmn, where R, is the Moliere radius. In the context of TB-20,rdfere, an extremal ray
should come no closer than 2.2 cm to the lateral edgbd.i For W, the same argument
sets the extremal ray shield edge separation at 1.3 cm.

Benchmarking studies were conducted comparing MARS witlerotielevant
simulations. We first used MARS and EGS4 to examine athgular spread of the
distribution with respect to target density. MARS dgitions are seen to agree well
with EGS. With MARS, a penalty is paid in terms oflC#me per initial trajectory with
increasing target length for a constant target dengityerms of GB spectra, MARS is in
good agreement with EGS4 above 10 MeV; however, an enhanceoeurs at low
energy (below 10 MeV) not present with EGS4. One caswlett a single interaction in
MARS as can be done in EGS4 to limit low-energy mtdons. Limiting these
interactions is important since they normally do natundn low-density targets, such as
the residual gas of an ID straight section. MARS dutpads to be somewhat noisy
because of the inclusive approach taken to particleaictiens. For example, in a binary
reaction, only one path is followed, with twice theight. Therefore in the generation of
tertiary particles, such as PNs after a long chaimtaractions, large fluctuations in
weighting can occur. A comparison of PN production AthUKA shows similarity in
form with angle and energy, but the intensity preditteARS is lower. The author of
the FLUKA study indicates a factor oft4nay be unaccounted for in one of the data sets.
In addition, PN levels predicted by MARS are close ®asured values. We hope to
obtain an answer to the amplitude discrepancy questiorrubping the FLUKA
simulation locally. Photoneutron calibration asideARS output is in good agreement
with other Monte Carlo programs.
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Dose Calculations using MARS for Bremsstrahlung Beam stops art@ollimators
in APS Beamline Stations
Jeffrey C. Dooling
Accelerator Systems Division, Advanced Photon Source

1. Introduction

A number of studies have been undertaken to quantify agabume the radiation
produced at the APS and to specify the means necessarytif@atenits hazards.
Specifically, APS Technical Bulletins (TB), TB-7 [1], T&® [2], TB-21 [3], and TB-44
[4] provide physical and engineering guidance regarding radisg@urce strength,
material properties, and shielding requirements. Thesmiladons used empirical
formulas and the tracking program EGS4, which treats phatodselectrons, but not
neutrons. Neutron fluences, measured in two undulasertion device (ID) beamlines
[5,6], 6-ID and 11-1D, are compared here with MARS simufatioThe availability of
MARS gives us an opportunity to make calculations witlpaitticles together, as well as
to evaluate more complete geometries; taken togetleexpect MARS to provide us
with a more accurate prediction of the radiation emriment in the beamlines due to the
production of high-energy bremsstrahlung.

MARS [7,8] is a group of freely available but closed sowimnte Carlo programs
used for the description of high-energy particle transgodugh matter. It has been
employed for detector modeling, production estimates (ssi@mt@protons), and radiation
dose calculations. It describes the production and ctiera of leptons, hadrons,
photons, and heavy ions. In the present applicatioereist in MARS is focused on the
interaction of 7 GeV electrons in the APS storage (8/) with various forms of matter
that may be encountered and the radiation resultingy ftbose interactions. For
example, MARS is employed to model the generatiogasf bremsstrahlung radiation as
the electron beam scatters from residual gas in undugagoght sections, as well as the
interactions of this radiation with components aloing x-ray beamlines. Presently we
are using MARS version 15, release 07 (last updated May 1, 2009).

The document is structured as follows: After a brigfoiduction in section one, the
second section focuses on analysis of the gas brexmissty (GB) source (i.e., spectral
and spatial distribution of photons produced in the fodwdirection from stored beam
interacting with residual gas). Analytical, numericahd empirical bremsstrahlung
source descriptions are compared. In section threleerda&S4 results presented in TB-
20 are given alongside recent MARS simulations estimgdtie dose in a tissue phantom
in contact with a heavy metal beam stop. Dose isiddaas the stop, composed of
either Pb or W, is varied in thickness. MARS estesadf GB-induced photoneutron
(PN) production are compared with earlier measuremensgegation four. Residual gas
effective atomic number and pressure in the undulataigktrsections, as well as beam
alignment and collimation, are shown to play importat¢s in the prediction of GB-
induced PN production. In section five, the first opt&axclosure (FOE) geometry
formerly presented in TB-7 is modeled in MARS. The remutransverse size of the GB
(“white”) beam stop is examined, as is the shielding séiparaecessary for the extremal
ray specified in TB-20. We see that elevated pressufeinndulator beamline must be
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considered due to its dependence on electron beam curi2istussion of MARS
simulation results and comparisons with previous stusliesmmarized in section six.

The present document is meant to address dose-rate teaglsnay result from
stored-beam fast electrons passing through the residuabfgas undulator vacuum
vessel at the APS. Additional benchmarking comparisdnglARS with EGS4 and
FLUKA simulations may be found in Appendix A. ExamptaEssome of the MARS
input files are given in Appendix C; these include the NARIP, GEOM.INP, and
XYZHIS.INP files for the FOE discussed in Section 5.

Unless otherwise noted, the low-energy cutoffs orstiwé&ls in MARS computations
for photons, electrons, and positrons are all 0.2 Mé&¥;threshold for neutrons is 0.1
MeV; and for charged hadrons and muons, 1.0 MeV.

2. Gas Bremsstrahlung Analysis

In the first part of this section we will compare thewer and dose-rate from gas
bremsstrahlung (GB) photons calculated with an amalyformula, a MARS simulation,
and a semi-empirical formula used in TB-20 and LS-260 [Bfme discrepancies are
revealed. A brief discussion of pair production is givéext, we will check how well
the MARS spatial photon distribution corresponds toyital estimates.

The primary, high-energy reactions that lead to GB amgnbstrahlung from lost
beam electrons (scattered or “secondary” bremsstrahkrmegyhown in Figure 1. The
Feynman diagrams, taken from Nelson [10], show thams$s&ahlung and pair
production are essentially the same process, with thdesharea highlighting the
difference; i.e., time reversal of the input channel.the background gas of the storage
ring (SR) vacuum vessel, the bremsstrahlung (left)ticeacs by far the most probable;
however, once the GB photon strikes a denser meghiaimproduction (materialization)
and subsequent bremsstrahlung can occur with almost e@§abhdod to create an
electromagnetic shower. Initially, the shower isnposed almost entirely of photons,
electrons, and positrons. The initial GB radiationegated in the “thin-target” of an 1D
straight section will consist only of photons. Theevfelectrons and positrons produced
are removed by the next downstream bending magnet.

bremsstrahlung pair production

y (virtual) vy (virtual)

nucleus nucleus

Figure 1: Feynman diagrams of the bremsstrahlung and pair pimydpoocesses.
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2.1 Gas Bremsstrahlung Power

Radiation from the APS SR electron beam escapesthershielded tunnel enclosure
through the production of GB photons. Multiple stepstaken to absorb this radiation
to prevent the exposure of beamline personnel; theseistdpde the use of collimators,
beam stops, and shielding. The GB is essentially thgetadsremsstrahlung radiation
[11], where the primary particle (electron) trajectsrare only slightly perturbed in their
interaction with the medium through which they paEke generation rate of GB photons
from the passage of a high-energy electron through a bastgrgas as function of
photon energy, k, can be expressed as [10,12,13],

F(k)dk=4a & A NA Z(Z+1)— fw,2), (1)

where F(k)dk is the number of photons generated pergefmgas length in the energy
interval between k and k+dk MeV, the fine structure constarit/137, the classical
electron radius,«£2.83x10°cm, A is the atomic mass, Z is the atomic numbethef
medium, and the form factor, f [14,15], can be given as,

f.2)= {[v —gv+4} (2153] ](1 v} )

wherev=k/Er, and E is the initial energy of the electron{(E7 GeV). The radiative
linear stopping power in units of MeV ¢his closely related to Eq.(1),

ar =—4a 2NA 707007 1Qf v,Z)p
dX|;aq ° A Ov
ra
= 40 rgl\L\—AZ(Z+1){In(;8/?;]+lﬂpT (3)
=P
X L

where T is the electron kinetic energy in MeV gnid the mass density of the medium,;
in this regime, EEr, the total electron energy {ET+E,, where E=mc®). Equation (3) is
the result of integrating the high-energy crosstisecfor complete screening of the
nucleus. The radiation length is identified in By as,

1_ . 2Na 183) 1
Xo =4arg— z(z+1){|n(zll3 T (4)

where % is expressed in units of g/ém Tsai [16] and Yao et al. [17] express the
radiation length slightly differently but with vually the same numerical results. The
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effective atomic mass of a gas mixture, such gsisaglefined as a sum of the weighted
molar fractions of the atomic mass of each compbinetihe mixture,

A* :zfiAi . (5)

The main constituents of dry air are given in Tahléor these values A*=14.66 g/mole.
In a manner similar to that given by Eq.(5), théeeive atomic number for air is
determined as £4=7.31. Given A* and &, the radiation length for air is found to be
37.06 g/crfi According to the Particle Data Group [18], theiasion length for dry air is
36.65 g/lcrA  In MARS, effective mass is not used, rather Bnagg additivity rule is
applied [19] where the effective linear stoppingveo, (dE/d%=2w;(dE/dx), where w
represents the weighting fraction of element j.glHenergy electrons will interact with
the electrons and nucleus of individual atoms, coftectively with the molecules.
Molecular binding energy is weak and can therefogeignored. Alternate forms of
Eq.(1) are given in the literature [14,20]; howeweare must be exercised when taking
account of the atomic weight of the gas mixture.

Table 1: Molar fractions for the main componentsligf air

Component Molar fraction Atomic mass, A Atomic Number
(g/mole) Z
N (No) 0.7808 14.007 7
0 (&) 0.2095 15.999 8
Ar 0.0093 39.948 18

Equation (3) expresses the photon energy loss Ipetr@n per cm in a standard
atmosphere and provides a convenient way to cédctie GB power. For the thin-target
case, where x<<x the energy radiated by an electron is just tleelpet of the electron
kinetic energy and the ratio of path length to afdn length. The total GB power may
be written as,

MeV

| p
p=17x188 2P | 1 MeV. 6
¥ X Ty X, Lss s (6)

where | is the stored beam current in mA, p isrdsdual gas pressure in Tork iB the
residual gas temperature in Kelvin, andik the total length of the straight section in cm.
The total GB power per mA from 7 GeV electrons iresidual background gas pressure
of 1 nTorr air at 293K (20°C) is 4.6x10N for a straight section length of 1538 cm. For
all temperature-dependent calculations made here,assumed (=293K (20C). The
density of dry air at 293K and 760 Torr (101.32%kB 1.205x18 g/cnt.

The functional form defined by Eq.(2), varies slpwiith electron energy for the
main constituents of dry air, as shown in Figurel®e form factor is given as a function
of photon energy, k. Equation (1) is valid for fdoenergies up to T and is zero above
T. The GB spectra derived from Eq. (1) for 7 Gd&ttons traveling through hydrogen,
nitrogen, oxygen, and argon backgrounds, normalieednT and 1 mA, are presented in
Figure 3. Residual gas analysis (RGA) studies ad gomposition in APS insertion
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Figure 2: Gas bremsstrahlung form factor (Eq.@)H (Z=1), N (Z=7), O (Z=8), and Ar
(Z=18).

device (ID) beamlines 6 and 11 indicateds Zalues of 4.08 and 3.18 [5,6]. A
comparison of normalized GB spectra for ID beansliGeand 11 are compared with air
(Zes=7.31) in Figure 4. These figures show how GB powaries with the atomic
number of elemental gases and what might be exghé&ctm specific beamlines based on
measured & values. Ignoring the effects of the form factoreg by Eq.(2), Eq.(1)
shows that normalized GB power scales with &proximately as,

P(Zetr1) _ Z&1+ Zes _ @
P(Zetta)  Z3ii2+ Zesto

Using Egs.(1) and (2), total GB power levels caresigmated. Analytical results are
compared to simulations with MARS, as well as toasueed levels in specific APS
beamlines. A comparison of GB power levels, noizedito 1 nT and 1 mA are given in
Table 2. The MARS result is approximately 2 perclss than the analytical value;
however, the measured GB power levels are lowdattprs of 3-20. The MARS power
calculation is based on integrated spectral fluance tally volume just downstream of
the source and is discussed in greater detail beld®ossible explanations for the
differences between measured and predicted GB pewas are presented in Section 4.

Analytical GB power estimates are not given in Reér 21. A semi-empirical dose
prediction based on a fluence-to-dose conversimorfagiven by Franck [22]is
provided, as discussed below. The GB power lewgfssted by the form used in LS-
260 [9] comes from Rindi [14], but its quantityasly partially provided. An estimated
level of 1.2x16 photons per second is mentioned for the beamimBefs. 9 and 21, but
no power calculation is offered. For example,rapde estimate can be made by taking

" The author is indebted to ANL Librarian M. Straka for iéigence locating this reference.
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Table 2: Comparison of measured, predicted, andlated normalized GB power.

Zest P,meal5,9,23,21]|  Analytic, MARS,

(W/nTorr/mA) Eq.(6) Eqg. (13)
(W/nTorr/mA) | (W/nTorr/mA)

Air 7.2 (1.0x10% 4.5¢107 4.3:x107
6-ID € 4.0¢ 0.6+0.03x1® 1.64x10° *1.48x107
10-ID €' 4.€ 1.0x1C® 2.02x107 *1.84x107
11-ID € 3.1¢ 1.940.14x1°" 1.06x107 *(0.95x10’
12-ID € 4.€ 1.5x1C® 2.02x107 *1.84x107
12-ID € 4.€ 2.4x1C® 2.02x107 *1.84x107
13D €' 4.€ 4.8x1(° 2.02x107 *1.84x107
151D 4.€ 0.7x1C® 2.02x107 *1.84x107

* MARS air result scaled with .
t Given incorrectly as 2.9xF/nTorr/mA in Ref. 6.

the product of the photon rate with the averaget@h@nergy; however, the average
photon energy is not given, nor are the conditifmmsvhich the photon rate estimate is
made (current or pressure). As discussed belosvatierage photon energy determined
from the analytical GB spectral distribution is fouto be 531 MeV. Assuming the
estimated photon rate is made for 100 mA operatian air background of 1 nTorr, the
normalized GB power is 1.0xTOW/nTorr/mA. The estimated level is roughly a tact
of 4 times lower than the analytical result preednh Table 2; this discrepancy is also
noted by Asano et al. [24]

Assessing background pressure and compositioreis b straight sections is vital if
one wishes to accurately model the production of &pecially in the low-conductance
undulator vacuum chambers. Berkvens and cowofRé&}sat the ESRF have developed
a Monte Carlo analysis in an effort to address pheblem, and it may be useful to adapt

T T T T T T T 01 | T T T T T
0.1+ T
s | [ J
(\‘lbb it 1 ‘_I:\D I"
g . N; 10-3 A |
2103 & S A
S Z=18 O HE
s | _ a G, “}/L B Zop="7.31
2 | 8 = Pl s
= \ =105 R = o0
Z10-5F ™ 7 1 =
I S o 3.18 ‘
= ——— 1 1 i 11-1D |
]U—7 L | L | ]0-7 | | | 1 1 ‘
0 1000 3000 5000 7000 0 1000 3000 5000 7000

k (MeV) k (MeV)

Figure 3. GB spectral density from Eq.(Jigure 4: GB for 4 of air (N, O, and Ar),
for air components N (Z=7), O (Z=8), ands well as residual gas in 6-ID and 11-ID
Ar (Z=18) and H (Z=1). straight sections.
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this program for the APS. This would add a levehacuracy to both the simulated and
analytical estimates of GB by characterizing thespure at the source of the radiation.
One may still need to provide the components obdekground gas (i.e. e, however.

2.2 Pair Production

As shown in Fig. 1, GB and pair production are Bsally the same process. The GB
will dominate in the low density of the straighttBen background gas. In the straight
section, pair production can only occur after th® @iotons have been created. The
density of the GB photons created in the straigdution is low; therefore the further
generation of pair production electrons and posgravhich depends on the density of
both the GB photons and the background gas atenesgtiemely low. However, once
the GB photons strike a dense medium, such as @ k&ap, shutter, or the vacuum
chamber wall, then pair production and the subsaggl®wer of photons, electrons, and
positrons can take place. Each subsequent generatireases the number of shower
constituents and lowers the average energy urtilctitical energy is reached. The
critical energy is defined by Rossi as the enerdnene radiation losses (GB and pair
production) are approximately equal to the colhslosses of electrons (ionization)[26].
The differential cross section for pair productwith respect to energy may be written as
[17],

do A 4
E_XONA(l 3v(l v)j (8)

Integrating over the normalized energy, the tatass section is

oT :ngdv(l—%v(l—v)j

XoNa
9
7 A (9)
9 X Ngp
For air,or=5x10%°cn?. The pair production rate may be expressed as,
Rpp (2)= nssny (zp TC (10)

where s is the gas density ang(n) is the photon density in the straight sectiod a is
the speed of light. We expect that the densitghaftons grows linearly with distance in
the straight section; therefore the rate of pardpiced electrons and positrons will grow
guadratically with length. Based on photon promurcfrom Egs.(1) and (2), the total
rate  of pair production from a  1538-cm-length  sgfhéi section

isNp, =1.1x10° $*mA nTorf*. Thus, even at 300 mA, the rate of pair produciio

the straight section is very low. A more probablent is a second scattering of the
original electron; however, even this rate willdmall because the target is so thin. Pair
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production does play an important role in the gatien of the electromagnetic shower
created after GB photons strike a dense objech asi@ collimator or beam stop.

2.3 Gas Bremsstrahlung Dose Estimate

MARS and other programs can calculate GB dose atzlyrthrough Monte Carlo
simulations. Here we will cover an approach whaneulation is used to generate the
GB spectral fluence, then the absorbed dose issadiequivalent phantom is estimated
manually with fluence-to-dose conversion factor®Vith the power of present day
computers, there is no longer a reason to performaaual calculation, as this only
reduces the accuracy of the result; however, itnortant to test and verify computer
simulation output when possible. We follow thisthwa in the present section to
understand previously published results, which téwee only data to which we can
compare MARS. The estimate does not include dase synchrotron x-rays. Using
fluence-to-dose conversion factors provided by Re{&7], an estimate of maximum GB
dose can be calculated once the photon specteaidiuis obtained by simulation, or, as
an approximation, the flux and average photon gnarg known. The maximum dose is
an estimate of what a person would receive fronr&fation if standing in the beam for
a given time within the FOE, without any shieldimgesent. Later in Section 3, we will
use MARS to show that an unshielded tissue phan8mcm in depth, receives the
maximum dose-rate from 7 GeV GB at 30 cm.

The GB photon spectral fluence (SPG) predicted BARH® for 300 mA, 7 GeV
electrons striking a 24-cm-length, 1 atmospher® (7@, pa=0.001205g/cri) air target
is shown in Figure 5. The relatively high-presstaeget is employed for statistical
purposes to generate sufficient photon numberseaadts in downstream geometries of
interest; the results are then scaled to the asa@lum chamber pressure and length.
The primary electron beam is assumed to be a gountce with zero divergence. The
log-log scale in Figure 5b shows the low-energytphalistribution more clearly. The
total photon fluence rate is determined by integgaBPG data over the energy range and
multiplying this result with the cross-sectionaéarof the volume in which the photon
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Figure 5: MARS GB photon spectral fluence rate (3B a) semi-log and b) log-log

scales.
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spectrum is tallied. Integrating spectral fluenate over energy yields the total photon
flux, as follows,

Np
ry= jOTdk SPG(Kr Y Ak SPGK | (11)
i=l

where MARS replaces the integration with a sum dlkernumber of spectral bins,.N
In MARS, the dose-rate from photons in a givenargs determined by integrating the
spectral fluence rate with the energy-dependergntie-to-dose conversion factog, f

[27,28],

Np
Dy wars =Acs], ™Ak SPG(K) {f K = Aggd Ak SPG(K )Y k), (12)
min |:1

where Asg is the surface area of the tally volume normahwbeam. The integration is

done numerically in MARS.

Fluence-to-dose conversion factors given by Rogeescompared with those from
Franck in Figure 6. The Franck data, originallyegi in units of Grays has been
converted to Sieverts assuming a quality factdr. of

10'5 T T T T T T

10-6 + 7
L 107 + -
5
>
“

10-8 T
& —e—  Franck

—+—  Rogers
109 + —=  Rogers, 30 cm 1
10—10 1 1 1 1 1 1
10-2 10-1 100 101 102 103 104 105
k (MeV)

Figure 6. Fluence-to-dose conversion factors ffwamck [22] and Rogers [27]. Rogers’
data are presented for both a fixed depth of 30 asryell as at the maximum dose
position in the phantom; these curves convergglioton energies above 100 MeV.

In the MARS model, GB spectral fluence rate isigdllin a vacuum region just
downstream of the air target. The tally volumea sjuare cross section, right-rectangular
prism. The GB tally volume is 10 cm in both tramse dimensions and 5 cm in depth;
thus the surface area of the tally volume normaheobeam is 8s=100 cri. Electrons
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and pair production positrons are removed from libam just upstream of the tally

region at the air-vacuum interface. A sketch ef MYARS model, indicating the region

of GB production is given in Figure 7; in this catiee FOE phantom is oriented beside
the beam stop (target) for PN simulations (PN satioihs are discussed in Section 4).
Only a small fraction of photons entering the tafblume through the upstream surface
are lost before exiting through the downstreames@f We can rewrite the normalized
GB power in terms of the photon spectral fluende rEq. (11) as,

Pagy = Pss Lssa [ dk SPG (K)k, (13)
Pref Lref

where we scale for the actual straight sectionpgassure, @ (=10° Torr), as well as the
true straight section lengthd(=1538 cm); p¢ and L. refer to the pressure and length of
the straight section target used in the simulatiof®r most of the simulation data
presented here, =760 Torr and =24 cm. A rough estimate of the normalized power
can be expressed as,

_Pss L
I:)GBm =8 = ryAGB<k m> , (14)
Pref I-ref

X (cm)
aspect ratio: 1:12
130
FOE
) phantom
air target ratchet wall
=24 cm, Pb collimator
@ =-24.4
Zg—24.4 m Cu
vﬁ safety masks
shutters
e-beam photons \ J
—— 0 :fl
o stop
cylindrical FOE
65 vacuum pipe
e- and e+ removed
at the air-vacuum g
interface, z=-24.4 m

-20 -10 0
Z (m)

Figure 7: Sketch of the MARS air target and FOEngetny; x-z view at beam elevation.
The FOE phantom is oriented beside the stop (faf@ePN simulations (see Section 4).
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where <k> is the average GB photon energy determined flaMARS spectrum,

_ [dkSPG(K)k

Y bbb A 15
m [dk SPG (k) (13)

(k

For the GB spectral fluence distribution shownim B, over the energy range of 0.2
MeV to 7000 MeV, <k>=356 MeV.

Though we seek the dose, it is important to knaavabwer for both comparison and
calibration of models. The result of numericatyeigrating Eq.(13) is given in Table 2.
We now estimate the dose-rate. Using energy-demeniilience-to-dose conversion
factors published by Rogers and plotted in Figyréh& dose-rate in 1 érat 300 mA and
1 nTorr is found to be 0.609 Sv/hr. The value$, () were determined by polynomial
fitting the Rogers data [27] at a phantom deptB®ftm. Using the conversion factors
provided by Franck with the MARS spectral fluenaterdata yields a dose-rate of 1.175
Svi/hr.

The analytical dose-rate can be determined in katpe same manner; however, the
analytical spectrum varies as 1/E, differing fromattof the simulation (see Fig. 5b).
MARS indicates a modest enhancement of the lowggnphoton spectrum. As such,
integrating over the same energy range, the avepagéon energy for the analytic
spectrum is 531 MeV. The cross-sectional are&etally volume is used to extract the
correct power from the MARS simulations; however, the dose-rate calculation, a
cross-sectional area of 1 tiis assumed. Incorporating the fluence-to-doseersion
factor into Eq. (3), the analytic dose-rate camwb#en as,

. N ldv
Dgpa = 40 rgA—ﬁzeﬁ(zeﬁﬂ)ijOTf(v,zeﬁ) fo (V). (16)

The analytic dose-rate is found to be 0.427 Svfit @624 Sv/hr with Rogers’ and
Franck’s conversion factors, respectively.

A semi-empirical, total beam-integrated GB dose-given by Franck [22] was used
to determine the source term for the EGS4 simulatipresented in TB-20, to be
discussed in the next section. The semi-empificat is expressed as [2,9],

f(p,effNeL SS
T[GébX o(L +L g}

Dse = (17)

where {er is the effective fluence rate-to-dose-rate conwargatio for bremsstrahlung
photons [22] (fer =3%10° Gy/hrkp), Ngis the number of electrons per second (300 mA

=1.873x10%/s), Ls is the length of the ID straight section (1538 cHy=1J is the
characteristic opening angle [29] of the radiatimme (1/1.37x1&73 prad), X, is the
radiation length in air for 1 nTorr (37.1 g/&m60 Torr)/10 Torrlpa: = 2.34x16%m),
and L is the length from the end of the straigldtiea to the observation point (2440
cm). Equation (17) provides a rate of 2.23 SvAa3(rem/hr). Note that the dose-rate is
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simply the product of the electron current withragke fluence-to-dose conversion factor
modified by spreading of the GB radiation at tharebteristic angle and assessed at a
position of interest in the FOE. The fluence-ts@l@onversion factor is the same one
used in TB-20 (the factor is near the peak valuesgmted in Figure 6), which
corresponds to fluence rate-to-dose-rate at theebigenergy. Again, no integration was
done in the earlier references, only a single vame used. Asano and Sasamoto [30]
also used Eq.(17) to calculate dose-rates for beasat SPring-8. Further discussion of
fluence-to-dose conversion factors, also knownespanse functions, is provided by
Shultis and Faw [31].

A comparison of initial maximum dose-rates is giverTable 3. In the table, four
approaches are shown: 1) integrating the analpéctsum (1/k) with the Rogers' and
Franck's fluence-to-dose conversion factors; 2)egrdating the MARS-generated
spectrum (partial simulation result) with Rogensl &ranck's fluence-to-dose factors; 3)
the "semi-empirical” approach of Franck'’s, i.empy the product of the integrated flux
with the fluence-to-dose conversion at the avepdgeon energy (Franck appears to have
used the maximum energy in [22] as does Job in &Yl 4) the full MARS simulation
result. For the semi-empirical approach, the iratsgl flux is computed by dividing the
total GB power by the average photon energy ovarl Multiplying the integrated flux
by Roger’s fluence-to-dose conversion factors @t aéerage energy, the respective
maximum dose-rates are 2.24 Sv/hr using MARS sgleftience to derive the total GB
power and 1.73 Sv/hr using the analytical spectruifhese estimates are clearly
conservative. The dose-rate labeled “Full MARSdétermined directly from simulation
output (correcting for pressure and target lengt)ARS uses ICRP 51 (Rogers’ data)
for fluence-to-dose conversion factors.

Table 3: Initial maximum dose-rates in a 1 cm cphantom volume. Under the semi-
empirical heading (A) refers to analytical spectramd (M) to MARS spectrum.

Method Analytic source MARS spectral Semi-empirical | Full MARS
fluence rate
DRogers (SV/hr) 0.427 0.609 1.73 (A), 2.24 (M) 0.761
Drranck (SV/hr) 0.624 1.175 2.23 —

With the exception of the semi-empirical Franckuteghe dose-rates given in Table
3 were made assuming a scoring surface area of;lhomever, the distance between the
source and scoring location is not involved in #séimate. Ferrari and coworkers [32]
have shown the importance of scoring (detectog) wsizen calculating dose as illustrated
in Figure 1 of Ref. [32]. They have shown expentady that as one moves close to the
source, the transverse extent of the GB radiatiecoimes smaller than that of the
detector. No increase in radiation is observedngsmoves the detector still closer to the
source; the same amount of total power is beingraepted. This is the condition for a
1 cnf detector located 31 m downstream of the centémevtraight section. In general,
the scoring area must be determined based on oherifat of the radiation at the detector.
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2.4 Gas Bremsstrahlung Beam Distribution

It is generally thought that the GB radiation trserse distribution is roughly
Gaussian with a characteristic divergence gf Wherey=1+T/E,=1.37x10. The goals
of this section are to show that a) finite transeeemittance and hence finite beam size
limit the maximum intensity of the dose-rate andh® extended length of the GB target,
I.e., the vacuum chamber straight section, cawsé&ansverse GB profile to be peaked.

The dose-rate given in Eq.(17), is described bynAsand Sasamoto [30] as
providing the average dose-rate “without considetine size dependence of dose for
narrow beam[s].” In addition, the fluence-to-déakles provided by Rogers also assume
a broad, parallel beam. A form similar to Eq.(1§)also used by Ferrari et al.[32]
Because of the singularity as one approaches thefahe straight section, Eq.(17) is not
useful for examining the dose-rate in this regiofhhus one must convolve the phase
space distribution of the e-beam with GBproduction resulting in a broadengd
distribution. Here we provide a simple model afand dose generation and the manner
in which the transverse distribution varies depegdin the spreading angleyjland the
length of the straight section (target). This danmodel removes the singularity of
Eq.(17).

The size of the GB radiation can be no smaller tharbeam that creates it. Betatron
motion in the eébeam and GB emission are essentially independenegses; therefore,
the size contribution from each can be added irdiguare. The characteristic angle of
the GB emissiorQg,=1/A=73 prad, is much larger than that of the beafaéz)<35 prad
[33]; thus, the beam divergence does not add sigmifly to the divergence of the GB
radiation.

For simplicity, we assume a K-V [34] distributioor fthe electron beam, and that the
beam possesses a constant, round cross sectiadiog R=¢£.3,)*%, wheree is the beam
emittance g=¢,=¢,) and 3 is the betatron functionp(z)=,). The differential GB
radiation dose-rate as a function of photon enengy position in the gas target can be
expressed as,

dD,(2) _ (T Ey(2) |

——=| dkfy(k)®,(k,z)="f,((k : 18
a0 a0y (D= fo((K) =iy (18)

where®,(k,z) represents the z-dependent GB spectral feiesie, E{z) the total photon

energy production per unit length per electronuass] to be constant hergl) is the

average photon energy, and A@(z), with

¥ (2)= 8gp(2-2) |+ R?. (19)

In EQ.(19), z is the location of the axial slice, @nd Z is an observation point, where
Z>z. We again assume a constant fluence-to-doseecsion factor to simplify the
problem, and that the transverse GB dose-ratel@ragmains a disk even though the
electron and photon distributions are combined dyvolution. Using E determined
from Eq. 3, the on-axis dose-rate for Zstan be written as,
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Dr(z):f“’«k» L Ptz 2 =f‘P(<k>)_'p_T(L]tan‘l(%—;Z]. (20)

(k) TeXo?02(z) (k) meX,| Ry

We define g=R/By, as the distance in the straight section whererdd@is of the GB
radiation is equal to the rms width of the beam.thie limit where z<<z the dose-rate
increases linearly with z; that is, the dose-ratevg at a constant rate along the column
of residual gas. In the opposite case whetez, the dose-rate saturates,

- fo((K)) 1pT 1
Doy = lim D (z) =2 - F . (21)
rsat E;I:':S r( ) <k> e Xo ZFEgb

Note that in the former situatiofly, drops out of the expression (not shown); this raake
sense physically, since for a short target, itust the extent of the electron beam that
determines the transverse size of the GB. Morailddtbeam profiles can be addressed
in future analyses. For the present, we assum&Tgth [33]. The target length is
normalized by the distance required to producamstrerse size in the GB beam equal to
that of the electron beam, thep275um/73 prad = 3.77 m and the length of an ID
straight section is 4.08z The saturated dose-rate for 300 mA of 7 GeVtrles in
1 nTorr air is calculated from Eq. (21) to be 308h§ the Roger’s fluence-to-dose
conversion factor is 3.2x18 Sv-cnf at an average photon energy of 531 MeV. The
saturated dose-rate is indicated in Figures 8abanéligure 8a shows a linear increase in
dose-rate initially along the straight section knigllowed by an asymptotic behavior.
The radial distribution can be constructed in ac@i@ise continuous manner.
Combining Egs. (18), (19), and (20), fo£lZsand Fri<r; we can numerically integrate
to find the dose-rate distribution as a functiomaafius as follows,

AzNT 1
Dy (ri ) = 2Regb Drsat? z 2" (22)
=0 (rtN—j)

For <R, the dose-rate is constant and is given by By.(ar r>(R*+Z%0%,)"%, Dy(r;)=0.
Radial GB distributions for Z<ls are presented in Fig. 8b. The integration ends at
Nmax=LsdAz; for Az=1 cm, Nhax=1538. Beyond the straight section where £>the
electron beam has been bent out of the path d&&he Assuming no losses, the total GB
radiation energy is now constant with Z. The radi constant dose-rate expands as
(R+[(Z-Ls9645)9)"% and the intensity now drops. As Z increases, riial profile
begins to flatten as the ratio ofslto Z becomes small. The maximum dose-rate in a
hutch 31 m downstream from the center of the dttasgction falls to 12.3 Sv/hr as the
GB beam spreads to a FWHM radius of 2.14 mm. TWM dose-rate in 1 cc at the
hutch location is 1.77 Sv/hr in good agreement i semi-empirical analytical result
presented in Table 3 using Rogers data. Radiad-tis profiles based on this simple
uniform beam model at z=31 m and 38 m from the ezenf the straight section are
presented in Fig. 8c.
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Figure 8: a) GB peak dose-rate from Eqg. 20; b) date radial profiles within an 1D
straight section; and c) radial dose-rate profies=31 m and 38 m downstream from the

center of a straight section.

The point of this simple model is to show how th& @rofile spreads from a
longitudinally extended source. The discussiore laso indicates that the singularity in
Eq.(17) has been removed. The fact that GB beansuease profiles are dependent on
the electron beam transverse distributions may hapécations for beam diagnostics.

The transverse spatial distribution of GB radiag@merated by MARS at the location
of a beam stop, 31 m downstream of the center efudulator straight section is
presented in Figure 9. The gamma fluence rate (Rir@s: cnfs™), shown in Fig. 9,
represents the average of 10 separate simulatinbesev2x18 events are used to model
the primary 300-mA, 7-GeV electron beam. The dadistribution presented in Fig.9 is
fit to the form,

f(nz) =A, (z)exp{—rei—(zz)}L B (2 ex{_rerz—zz)}

The double Gaussian function is not meant to insplgcific physical mechanisms, but is
simply employed to fit the simulation data. Thisétion fails at higher radii; however,
near the center of the GB the fit is good. The#tameters are given in Table 4. The
angular distribution of photons is determined hynlig into the'f element,

(23)
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2T[[(i+1)Ar2J ZJ:%, (Pk,jé(Nk,j—i)
T kag, > 5(Nij-i)

Go

(24)

where@« is the MARS fluence rate data in voxel j,k,xNs the x-y histogram position
index, o is the Kronecker delta, and K is a scaling factAf; is the differential solid
angle, defined as,

AQ; = 2msin(6, ) A8, (25)

where8;=ri/(LsJ2+L) andAB=Ar/(LsJ2+L). The distribution is arbitrarily normalized
Gao.

Table 4: Normalized double Gaussian fit to theabpliofile presented in Figure 9.

Goo(sr'e'm™, AnTorr)| Ar |ra(cm)| Br |re(cm)
3.359x1¢ 0.514| 0.701 | 0.365 1.680

The photon fluence rate is recorded in a 5 cm loyn5x-y histogram region 1 cm
thick in the direction of the beam, centered onldé@m axis. The region is divided into a
histogram array 250%x250 in x- and y-directions. Pheton fluence rate is tallied for
each “voxel” or volume element of the fluence hggton. The transverse dimension of
each voxel is then 0.2 mm by 0.2 mm. The fluenstogram volume is not to be
confused with the right-rectangular prism vacuunuree mentioned earlier, where the
spectral fluence rate was recorded.

One must use care when specifying the dimensionthefhistogram and voxels.
Summing together a large region to reduce noistensimulation may lead to a GB
width significantly broadened by the size of thet&ttor.” The resulting profile will be
the convolution of the detector size and of thed8ribution. For example, a histogram
region 2 mm in width will broaden the GB profileegented in Fig. 9 from 1.78 to 2.54
mm. The beam half-width at half-maximum (HWHM)imsreasonable agreement with
the opening angle approximatio®ds=1.70 mm from the downstream end of the straight
section (L=23.3 m). Past attempts to measure thesverse distribution used
thermoluminescent dosimeters embedded within adissjuivalent phantom [23,35];
however, the transverse size of the detectors w8sn@f, and spacing was varied
between 3 and 5 mm. Though the distributions saoevn to be peaked, it is difficult to
assess the actual beam profiles. The y-distributioFig. 9 is generated using a double
Gaussian fit of the radial data collected in x-yngaa fluence histograms.

A GB air target 24 centimeters in length at a pres®f 1 atm is approaching a thick
target; the air column target density is 2.89%Hcnf. To this end, we would like to
know if the air target specified leads to an aceuckescription of the photon beam or if
multiple scattering broadens the distribution. Amparison of three GB target
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Figure 9: MARS GB photon fluence (uncorrected),jabdimulation data, and y-profile
using a double Gaussian fit of the radial data 3omnstream from the air target. Using
a 24 cm, 1 atm air targepl(=0.0289 g/crf).

densities are presented in Figure 10. Target tlessif 1.2x1G g/cnf or less have been
recommended by Asano [36]; however, as shown in. A, a density of
2.89x107 g/cnt closely matches this recommendation. For additisnadies presented
in this document, a target density of 2.89 &ig@fcnf is employed, unless otherwise
noted. Further discussion of the GB target andparisons with other target densities as
well other code results are given in Appendix A.
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Figure 10: Comparison of GB angular distributionsmalized to the characteristic angle,
0=1N=73 prad for three different target densities.
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3. Contact Dose-rate—Comparison with TB-20
3.1 Description

MARS results are compared with the contact doseleatels reported in TB-20 [2],
where simulations using EGS4 were carried outTBr20, the maximum dose-rate in a
phantom placed behind a beam stop of variable eg& was modeled; specifically, the
maximum in a 1 cf(cc) cube within the phantom was determined. Béem stop was
irradiated by a GB beam generated in an ID strasgltion (k=1538 cm). The beam
stop material was chosen to be either lead or tangsind dose-rate was recorded for
both cases. The EGS4 calculation did not accaamthie production of photoneutrons
(PNs) in the target, and an arbitrary factor oféswsed in TB-20 to include the neutron
contribution to the total dose-rate.

In the MARS contact dose simulations, GB is gemetan the air target described
previously, placed at the center of the straigltise, 31 m upstream of the beam stop.
The GB radiation will include no electrons or pasiis; these will all be removed by the
bending magnet at the downstream end of the straggition. Other assumptions used in
the contact dose simulation are 1.873%Hlectrons per second (300 mA) at an energy of
7.0 GeV. In the simulation, the thickness of thgét shield block was varied from 1 to
30 cm. The simulation dose was recorded in adigguantom, 20 cm by 20 cm in
transverse dimensions and 30 cm in depth, relabivbe incident beam direction. The
phantom geometry is divided into two regions: 1)ugstream 5x5 array composed of 4
cm by 4 cm by 5 cm x-, y-, and z-length volume aata and 2) a single 20x20x25tm
right rectangular prism. Though the segmentatibthe phantom is chosen somewhat
arbitrarily, dose was recorded in a similarly sipddntom in TB-20. Segmentation gives
us the separate ability in MARS to always look stidilow” and “deep” dose regions
independently of dose histogram definitions. Alaaase was run without shielding to
examine build-up factor. The simulation geometnythe case of a 20-cm-thick Pb beam
stop is presented in Figure 11a. The total dosevalgnt rate (DET) y-z distribution
generated by the GB beam is shown in Figure 11b.ARB! calculates the

30 30 ;
a) vacuum b) 1013
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E
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109

108 ¢
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Figure 11 a) MARS contact dose geometry for a Bp #hickness of 20 cm and b) the
total dose equivalent rate distribution (DET, m$y/bncorrected for pressure and
length).
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DET with contribution from all major radiation compents including neutrons. No
masks were used in these simulations.

MARS provides two methods of calculating dose osedequivalent: one from the
geometry used to describe the model, and the dtber a user-defined Cartesian grid
(XYZHIS.INP) that can be placed anywhere in the sagpometry. However, in the
latter case, for accurate dose measurement, tthengist be positioned in the space which
includes the phantom geometry defined in the GEQM.file. In MARS, this is called
an extended geometry region; the phantom descalbede is an example of such a
region. The histograms can be defined in multipdg/s in the geometry as is done here;
however, the extended geometry definition is léssilfle. If it is changed, new volume
regions must be redefined within the user subreypiartion of the MARS program and
the program must be recompiled to produce a newuable file.

Here in one case, an x-z histogram is superimposgedthe phantom volume. Data
are integrated in the y-dimension in a volume dadignto 100 regions in the x-direction
and 120 regions in z. In the x-direction, the dgsam exactly covers the phantom
making the x incrementdx, 20 cm/100=0.2 cm. In the z-direction the histog is 60
cm in length covering phantom, beam stop and vactiwsAz=0.5 cm. The integration
distance is 20 cm, exactly covering the phantom.

We want to determine the maximum dose absorbedhanphantom; therefore, we
must find z.ax the longitudinal position in the phantom wheres&ég maximum. When
the beam stop is removed and the phantom is udshiethe dose maximum occurs at
the deepest phantom depth; this is an example s Hoildup. However, when a stop is
present, even for the minimum thickness simulated), z,ax moves to the upstream end
of the phantom. The former outcome is consistatit &GS simulation results reported
by Rogers [27]; the latter can be explained whes@msiders the large number of lower
energy electrons that are produced in the shower tfe GB strikes a 1-cm-thick Pb or
W plate. This behavior is illustrated in Figure, i#here average dose in the phantom
central slice (F(0,z)) is shown for the no-stopecasd for a Pb stop thickness of 1 cm.
The vacuum upstream of the phantom in Fig. 12aesgmts the removal of a 30-cm
heavy-metal beam stop without moving the phantémiig. 12b, the phantom is moved
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Figure 12: MARS longitudinal average dose-rateifg@fiong the GB beam axis in a 30-
cm-deep tissue phantom in the case of a) no stdpbara 1-cm-thick Pb stop. The
simulation data show the peak dose moving from dbr@am to upstream locations with
the introduction of a beam stop. In both cases@B beam travels from left to right.

19 of 44



upstream to be in contact with the 1-cm-thick Pabsl In Fig. 12b, the region
downstream of the phantom is considered to be awac Given the data in Fig. 12, the
maximum dose-rate is assumed to occur always iplthatom slice adjacent to the beam
stop.

We look for the maximum dose with two sets of 2iBtdgrams: one as has just been
described above is an x-z or y-z grid. The seqmlis an x-y histogram employed to
directly determine the dose in a 1-cm cube; weusis¢his simulation below. We will
then return to the x-z histogram and take advantdgbee cylindrical symmetry of the
problem to demonstrate the use of the Abel invergiechnique for obtaining the
maximum dose-rate.

3.2 x-y Histograms

MARS geometry can be set up to produce radial sgpmowever, the cylindrical
sections presently cannot be defined with an ofsaxis (that is offset transversely). A
simple way around this is to define a transverse, (x-y) histogram grid to score fluence
or dose, as was done is the previous section,th&lx- and y- midpoints of central voxel
set on the axis of the GB radiation. For the presequirement, the grid need not have
the high resolution employed in Section 2; instea@1x21 grid is centered over the
20x20 cni face of the FOE phantom. Each voxel of the gsi@ il cc cube. The x-y
histogram can then be defined at different deptithe phantom. Total dose equivalent
(DET) histograms after 5 cm of beam stop thickrerespresented in Figure 13 for Pb
and W. The larger grid shows the positions of geemetry regions in the upstream
portion of the FOE phantom; whereas, the finer geaflects histogram data in 1 cc
voxels. The DET data shown in Fig. 13 is presepied log-10 scale and is uncorrected
for pressure and target length.
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Figure 13: Total dose equivalent (DET) in the ficet of an FOE phantom after 5 cm of
a) Pb and b) W. Dose is plotted using a log-10esc& he larger grid represents the
differentiation in the upstream region of the ploamtwhereas, the smaller grid reflects 1
cc histogram data.
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At the time TB-20 was written, giant dipole resocer(GDR) could not easily be
modeled with the EGS4 program; therefore, a sirapimption was used to account for
neutron dose. The assumption made in TB-20 wdshtihthe dose from GB would be
due to neutrons. Thus, no real calculation of mogst was made in TB-20. A more
comprehensive treatment of neutron production vadaked to EGS4 in 1995 [37]. We
first compare maximum contact dose reported in DB42ing EGS4 and results from
MARS with photonuclear, GDR, and electronuclearctieas turned off in MARS.
Neutron production through Bethe-Heitler muon ceptin nuclei has been left on.
MARS simulation results for maximum dose-rate ih-ec cube are presented in Figure
14. In Pb, little difference exists between dosgedmined with or without photoneutrons
(PNs) for material depths up to 10 cm, where thewsn is composed mainly of
electrons, positrons, and photons. MARS resutscérse to the EGS4 datum at 10 cm.
With W however, EGS4 results are approximately ateio of magnitude higher than
predicted by MARS without PNs. Agreement is alsormpfor 20 cm of Pb. When PNs
are included, the comparison between TB-20/EGS4NARS is better; however, the
dose from PNs dominates for Pb stop thicknessegegréhan 25 cm and W thicknesses
greater than 17 cm. Note that only three indepen&€S4 dose-rate values exist for
each beam stop material; these values are usédtie fines shown in Fig. 14.

We next compare the dose-rate measured in a 1stmgham phantom volume with
that recorded in an 80-cc volume defined in the GEHAP file. The latter volume is the
central element in the upstream region of the FG&om; these data are presented in
Figure 15. The data presented in Fig. 15 cledrdwsthe 1-cc dose-rate is initially much
higher than that in the 80-cc phantom elementpasmould expect. Dose-rate in the two
regions then converge for thick stops as the radhatistribution broadens. Convergence
occurs in thickness greater than 20 cm in Pb anchi® W. Though the 80-cc volume
underestimates the dose, it predicts with reasenabturacy the photon attenuation.
This is due to the fact that, though the dose tsonwad and parallel, it is fully contained
within the volume of the phantom. Because of th@pom’s size and the small extent of
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Figure 14. Maximum dose-rate determined by EGS4AMARS in 1 cc a) without PNs
in MARS and b) with PNs in MARS. (Same EGS4 datamotted in both cases.)
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Figure 15: Contact dose-rate calculated with MARSr&Pb and W beam stops recorded
in both 80 cc and 1 cc phantom volumes. Exponkfitsato the 80-cm phantom data in
the photon-dominated region are also shown.

the showering GB radiation, only a very small fractof this radiation spreads outside of
the phantom volume. Thus the change in the endegpsited in the phantom versus
stop thickness is due almost entirely to attenuatighin the stop.

3.3 y-zHistograms and Abel Inversion

We have been using Cartesian MARS histograms; hemvewr geometry possesses
some cylindrical symmetry as well. Ignoring théeefs of rectangular collimator and
shutter apertures and square cross-sectional stegpsxpect the 3-D distribution of
radiation dose to have cylindrical symmetry abce z-axis at least for radii small
compared with the stop dimensions. In this cageywsh to generate an r-z distribution
from MARS data to find the maximum dose-rate in-enf cylindrical volume with a
scoring area of 1 ¢m We further assume the symmetry axis of this mals aligned
with the axis of GB radiation propagation. Thecleglinder will then be a reasonable
approximation to the 1-cm cube described above.

An alternative approach to the x-y grid is to useAdoel inversion (Al) of the x-z
histogram data presented earlier. An Al could #guze done on an equivalent y-z
histogram; an example of y-z dose-rate data eqnvak presented in Fig. 11b. Al
provides is a useful tool for converting line-axged Cartesian data into radial profiles.
Al is a standard diagnostic technique for extractglectron radial density in plasma
columns [38]. The radial dose-rate profile is @assd to be cylindrically symmetric. The
radial density (dose) rate can expressed as,

JadF(X ,2) dx (26)

172
[-r?)

where a is the radial boundary of the dose-ratdilprand F(x,z), given in units of
mSv/hr, is the y-averaged, x-z dose-rate obtaineth MARS across the y-thickness of
the phantom, {=20 cm. The Al technique requires the line densitlyich is obtained by
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taking the product of the average dose-rate, F(>amfl L,. Note that because of
symmetry, the radial profile can equally be expeds® terms of the x-integrated dose-
rates by swapping x and y in Eq.(26).

To evaluate Eq.(26), the derivative with respect tf F(x,z) at z=gax is determined
by first fitting the average transverse dose-ratdilp F(X,Znay With a double Gaussian
function of the form,

2

0, 2mc)= Ax (2 {ﬁ} 5.( 7o) %ﬂ} @)

The constants to be determined, R, Bx, and %, will generally be a function of z. The
average transverse dose-rate profile usually cisnsi$ both narrow and broad
distributions; the double Gaussian function alloavsnore accurate description of the
profile over a single Gaussian by fitting both disitions. In Eq.(27), we make the
implicit assumption that the peak dose-rate ocatrs=0. The derivative of the average
dose-rate required in Eq.(26) can now be determamaditically using Eq.(27) as,

chgx,z): AR/ | (28)
X BX 1,222

where i is the horizontal (x) position index addr is the fitted dose increment
(=F(Xi+1,Zmax)- F(Xi,Zmay) over the step sizéx (=0.2 cm), at the longitudinal location of
the dose-rate maximumgz. The dose-rate radial distribution is obtainethvaei second
fit using Eq.(23), the radial form presented int#ec2 where [r,z)=f(r,z). Assuming
the minimum volume element to be cylindrical witltr@ss-sectional area of 1 gnthe
dose-rate in 1 cc is obtained by integrating thgedonction given in Eq.(23) from r=0 to
1~r (=0.564 cm) in two adjacent longitudinal stegs£0.5 cm) including the z-
maximum and taking the average,

Il/x/ﬁ[

2m 0 rDs (r,zmax,u)+ er(r,zmaX,d)] dr

Iy

: (29)
Trdr

where the “u” and “d” subscripts opz refer to upstream and downstream average dose
profiles. Separate fits are performed at bothcations indicated in Eq.(29).

The Al-derived dose-rates are compared with theeSmm 1-cm cube simulation
results in Figure 16. The Al technique appeane&sonably reproduce the results of the
1-cc cube when the stop is thin. For a thin st@,transverse extent of the radiation is
small compared with the stop dimensions. Howesesystematic underestimation is
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Figure 16: Comparison of 1-cc dose-rate data derfreen DET by fitting radial Al
profiles (y-z histograms) and summation of x-y tggams.

seen when stop thicknesses exceed 3-4 cm. Thimlpisois due to several effects of

which we mention three: First, the fitting processsses more of the radiation

distribution for a broader radiation pattern; tliere direct numerical integration should

be used. Second, a broad pattern no longer extapiindrical symmetry because the
geometry of the stop is square in cross sectidmrdTthe double Gaussian is not a good
model for the transverse distribution at leastbiarader patterns.

3.4 Analysis

Accurate dose estimates require that the radigt®mniform over the volume in
which it is being measured; this condition is reddrto as having a broad, parallel beam.
A related concept is that of charged-particle ecebnic equilibrium, which requires that
the number of charges entering a volume be equahdonumber leaving the same
volume [39,40]. Initially, for thin stops, the dodrom GB meets neither of these
conditions, even for volumes as small as £.cifthe number of charges leaving a volume
exceeds those entering as the shower developstheA&B radiation is made to travel
through greater beam stop thicknesses howeverirangverse extent of the radiation
pattern grows, and the average energy in the radigtattern falls below the critical
energy. At this point, electronic equilibrium istablished. The shower is fully
developed and is said to be photon dominated. dehaqguilibrium implies that no
additional showering will occur, and we are past goint of maximum dose in a
phantom.

For both Pb and W, a minimum in the mass attenmatmefficient occurs near
4 MeV, and this becomes the effective energy ofsti@wver until most of these photons
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are absorbed. After the photons have been remdivedadiation is composed primarily
of photoneutrons, and the spatial pattern becoragsdiffuse. As the pattern broadens
with increasing stop thickness, dose fluctuatianshe 1 cr phantom volume begin to
grow in the simulation, and the Al method describedomes less accurate. As the GB
radiation pattern expands, the 80-cc elementseos#igmented phantom shown in Figure
11 may be used to determine the maximum dose.r Affl@ievement of both broad-beam
and electronic equilibrium, dose results in the pt@ntom elements are nominally the
same. The 1-cc maximum and the central phantomesie dose-rates still differ by
factors of 2-3 up to stop thicknesses of 10 cmbfath Pb and W. For stop thickness of
10 cm, the average FWHM of the radial dose-ratiligions are 4.8 cm and 6.4 cm in
Pb and W, respectively. The results indicate thih respect to the segmented phantom,
the condition for a broad beam has still not bdataioed for stop thicknesses of 10 cm in
either metal, but especially in Pb.

In TB-20, the semi-empirical value given in Tablat&ibuted to Franck was used as
the reference at zero stop thickness to obtaindiee at a depth of 10 cm. New
simulations were then initiated from 10 cm to obtdose levels at greater depths in the
beam stops; this was necessary due to the relaiivel number of events tracked (1.0
in the EGS4 study. Comparing MARS and EGS4 outget,maximum 1-cc dose-rates
and attenuation in the photon-dominated regionsappFoximately the same, as shown
Figure 14. For thicker targets however, the dase-mo longer follows photon
attenuation, as PNs begins to dominate. We agaia that, at the time the EGS4
simulations were conducted for TB-20, neutron abuations were not included. The
authors of TB-20 accounted for the neutrons by rassy they were responsible for half
the dose-rate and thereby lowered the dose-raits liojy a factor of 2. The neutron-
modified limit is 1.25uSv/hr. The reference dose-rate level was usediastmg value
in TB-20 for determining beam stop thicknesses.e Téduction in the reference level
does not apply to MARS, which includes neutron piatidn; therefore, the dose limit for
MARS data should be set at 215v/hr for comparative purposes.

The EGS4 results from TB-20 are fit with exponestia Fig. 14 as are MARS data
in the photon-dominated regions shown in Fig. 1bhe coefficient of the exponent
should approximately represent the minimum massa#tion coefficient for each metal.
The mass attenuation coefficients for Pb and Wharen in Table 5. These coefficients

Table 5. Mass attenuation coefficients for Pb whdomparing EGS4 and MARS with
minimum attenuation near 4 MeV.

Wp (4 MeV) Wp EGS4 Wp MARS
(cnflg) (cnflg) (cnflg)
Pb 0.0420 0.0439+.0080  0.0456+.0083
W 0.0404 0.0341+.005] 0.0401+.0019

are compared with minimum mass attenuation valuesngby Hubbell [41,42]. The

EGS4 results indicate the attenuation in Pb ands\W percent higher and 16 percent
lower than the Hubbell values, respectively. Thettiations in the EGS4 results may be
due more to the small data sample then any reahtiar. MARS mass attenuation
coefficients are 9 percent higher and 1 percenetavan the respective minimums. One
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might expect the attenuation coefficients from datians to be slightly higher than the
minimum values owing to finite energy spread ofshewer. The simulated shower will
always have particles away from the minimum atteonanergy.

The breakpoints in thick targets where contribwgidrom PNs dominate the total
dose-rate occur near 15 cm in Pb and 10 cm in \ aRarget thickness of 25 cm or
greater, the number of events per MARS run is msed from 19to 2x16. Statistics on
the total dose are obtained by running 10 casesdoh material and thickness, varying
the initial seed for each case. Also, extrapodaback to zero thickness, one sees a clear
indication of the build-up of dose-rate as the shioprogresses through the stop.

4. Photoneutron (PN) Production
4.1 Description

A study of PN dose resulting from GB [9,21] strifithick targets of differing metals
was conducted by Pisharody et al. [5,6]; speciffcdhe metals examined were Fe, Cu,
W, and Pb. A comparison of these data with MARSusations is presented here to
evaluate its predictive capability for simulatingN Rlose. In References 5 and 6, an
Andersson-Braun (AB) remmeter was used to meaber®hN dose. The plan geometry
of the MARS simulation is presented in Figure Ii‘this case, an iron target receives the
GB beam. The simulation dose is again recordedtissue phantom, 20 cm by 20 cm in
transverse dimensions (y and z) and 30 cm in de@thelative to the incident beam. In
Fig. 17b, a contour plot of the PN dose predictgdMARS is shown for the geometry
given in Fig. 17a. The simulation results presgénteFig. 17b must be normalized for
the actual pressure and current as mentioned abBeeiorming this normalization, PN
dose results from measurements given in Ref. 56amohd scaled MARS simulation
output are presented for comparison in Tables 67and@ihe simulations start with 2)&.0
primary electrons striking the air target 31 m upasin of the GB beam stop. Ten
independent cases (separate seeds) are then alvamagwmoduce the neutron dose

a) b)
Fe 7,] O | dats
705 target
L 2.0
L 7001
FOE . . ao
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Figure 17: a) Plan geometry of the MARS PN measargmsimulation and b) contour
plot of uncorrected MARS PN dose-rate (BEN(mSv/hr)]) from GB beam striking
the cylindrical Fe target shown in a) without a kna3he thickness in the y-direction is
20 cm centered at beam elevation.
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recorded in the FOE phantom. Note that the phamsosegmented as described earlier.
The 5x5, 80-cc tissue array closest to the targetiges the “shallow” dose equivalent
listed in the tables; the full dose equivalentasiekd from the entire phantom.

In addition to physical parameters that affect GB¢ch as background gas pressure
and composition, the geometry of the beamline rbasproperly considered. Inclusion
of the front end (FE) exit mask(s) is necessarpdourately assess the PN dose in the
FOE. Though located in the FOE, the exit masloisslered the last element in the FE
beamline. The exit mask used at the time the Plsarements were made [5,6] is
shown in Figure 18a. The cut-away elevation vidwves the copper tapering at a 2°
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Figure 18: Cut-away elevation views of copper masded at the terminus of the beam-
line front end (FE) within the first optics enclosu(FOE); a) original 4.5 x 4.5 nfm
mask and b) present 3 x 2 rhfixed exit mask. The GB and x-ray photons entemf
the left. In some beamlines, both masks are used.
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angle to a minimum y-aperture of 4.5 mm. In thdirection, the aperture is also
tapering to a minimum width of 4.5 mm, though wathiaper angle of 4°. Based on the
transverse distribution shown in Section 2, it lesac that the edge of the GB radiation
will be intercepted by the mask. At r=2.25 mm, @8 density is approximately 37% of
the peak value. At its minimum, the aperture iggtdy square, whereas the beam is
round; also, the mask tapers more rapidly in x than One should therefore expect that
cylindrical symmetry in the radiation pattern imragdly downstream of the mask will
be lost. As the aperture of the mask shrinks witso does the thickness of copper in the
z-direction. A significant amount of scatterediadion (“secondary bremsstrahlung”)
results from the primary GB photons striking theskna The effect of masks on the
radiation profiles around the FOE will be discussedgreater detail in Section 5.
Recently, the smaller aperture exit mask showngn Bb is being utilized in beamlines,
particularly in those with canted undulators [43h this case, the x and y apertures are
3 mm and 2 mm. For r=1 mm, the GB distributioncading to Eq.(23) is 78% of the
peak value. At 1 mm the vertical edge mask is wédl the GB radiation.

4.2 Previous PN Dose Measurements and Comparisons with MARS.

The PN measurements presented in Table 6 are ebt&inm beamline 6-ID, which
has the lowest GB power of all beamlines examiagdrtor of 3 below the average [23].
Table 7 presents a comparison of MARS with measenesimade for beamline 11-I1D.

Table 6: Comparison of PN dose-rate measuremerds maRefs. 5 and 6 for beamline
6-ID with MARS simulations correcting for differess in Z« between air (7.3) used in
MARS and a measured value of 4.08. Dose recomlethallow (sh) and full phantom
regions are given; the last three rows are MARSukitions denoted with mask
configurations.

Target Fe Cu W Pb
Material
I (MA) 93.1 90.1 88.5 76.1
P (nT) 9.69 9.41 9.29 8.22
AB Remmeter| 154 0.130 0.186 0.177
(uSv/hr)
phant. region sh full sh full sh full sh ful
MARS, no 14 597| 0.321| 1.403| 0.561| 1.129| 0.422| 1.001| 0.268
mask (1Sv/hr)
45x4.5mm | 0.659] 0.289] 0.629] 0.229] 0.616| 0.201| 0.786] 0.228
3x2mm | 0.337] 0.135] 0.362] 0.199| 0.265| 0.090| 0.288| 0.096

In Table 6, the measured PN dose-rate for Fe isatlezage for the two highest
current levels (93.4 and 92.7 mA) in Table 6 ofRk&fand 6, likewise for Cu and W, and
from the highest current for Pb. In Table 7, theasured PN dose-rate for Fe is the
average of the three highest current levels (386, and 90.2 mA) in Table 5 of Refs. 5
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Table 7: Comparison of PN dose-rate measuremerds maRefs. 5 and 6 for beamline
11-1D with MARS simulations correcting for differess in Z« between air (7.3) used in
MARS and a measured value of 3.18. Again, doseiatorded in shallow and full
phantom regions are given; the last three row$/8&RS simulations denoted with mask
configurations.

Target Fe Cu w Pb
Material
I (MA) 93.4 92.2 78.4 76.2
P (nT) 8.97 8.88 7.78 7.54
AB Remmeter
0.371 0.462 0.393 0.425
(uSv/hr)
phant. region sh full sh full sh full sh ful
MARS, no |, 600 0.191| 0.869| 0.347| 0.537| 0.201| 0.590| 0.158
mask (uSv/hr)
45x4.5mm | 0.392] 0.172] 0.390] 0.142] 0.293| 0.095| 0.463| 0.134
3x2mm | 0.201] 0.080| 0.224] 0.124] 0.126| 0.043| 0.170| 0.057

and 6, likewise for Cu, but the lowest three forawd Pb. Actual target dimensions in
the experiment were varied to maintain lengths@{2and diameters of QR where X%
is the radiation length andyRs the Moliere radius.

In the Tables 6 and 7, simulated dose recordedhatiosv (“sh”) and full phantom
regions are used for comparison with measuremeklhereas in Section 2 only the
central 80 cc volume of the segmented phantom meg@s used for dose calculations;
here, the entire segmented region (20 cm x 20 &wm) comprises the volume for the
“shallow” entry. Note that use of the term “shallohere should not connote a formal
definition. According to 10CFR835 [44], “For extat dose, the equivalent dose to the
whole body is assessed at a depth of 1 cm in tissutherefore the “sh” entries might
more appropriately be considered “whole body” cgldose equivalent results.

4.3 Comments on PN Dose Measurements and Simulations

The simulated dose-rates given in Table 6 for been@-ID are approximately 3-5
times larger than the measured values; whereas tghesn in Table 7 for beamline 11-1D
are much closer. Several reasons exist that malgiaxhe differences in the two sets of
results:

1) Residual gas & The target used in MARS to generate the gas
bremsstrahlung beam is composed of air with.&Z3; however, the &£
for 6-1D (measured close to the center of the Iaight section) is given as
4.08. The ratio of GB power in air to that forB-gjiven this difference in
Zes is 2.8. The difference ine£ is accounted for in both Tables 6 and 7;
however, even with these measurements, the actgainZthe undulator
beamlines are difficult to definitively ascertaitn the case of Table 6, to
reduce the MARS results by an additional factot efould require &~2.2;
based on other RGA measurements, this valuesokzrobably unlikely.
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2) Residual gas pressure. Another parameter thavaanfrom beamline to
beamline is the background gas pressure. Theubted for 11-ID is 3.18,
yet the GB power from this line is 3-4 times highigain that of 6-ID. This
suggests that the pressure or other factors (@ee3d) may be considerably
different for these two lines.

3) Beam pipe misalignment. Prior to the installatminan ID in the 6-ID
undulator straight section, but after the GB measents had been made, a
1-mrad bend in the beam central orbit trajectorys wated through this
region. The misalignment may have reduced the @RBep by a factor of 3
in 6-1ID. Though a factor of 3 does not explain thk difference between
measured and simulated value, it brings the levehgreement with all
values to between 60 and 90 percent.

4) Collimation by masks. The inclusion of the propé&rexit mask or masks is
necessary to obtain useful PN results.

5) Detector energy dependence. A correction was raathe original PN data
taken with an Andersson-Braun (AB) remmeter; adddl corrections are
possible but likely to be small.

6) Correct interpretation of the segmented phantomedased in the
simulation. The upstream region (closest to thet&8et) is equivalent to
the deep dose value reported by the AB remmeter.

In conclusion, a number of factors can influence #N dose-rate. Given the
uncertainty in local values of pressure and Z,dbgree of agreement between MARS
and the PN measurements is good when using the 4% mnf mask “shallow” results.
Again measuring the GB power in some of these hmigige varying local pressure would
be useful; alternatively, having a good model & D straight section pressure profile
[25], as mentioned earlier in Section 2, would aeodesirable. The PN production in
MARS is benchmarked in Appendix A against calcolasimade with FLUKA.

5. First Optics Enclosure (FOE) Studies

In the previous section, we saw it was importantuge actual pressure and gas
composition (4q) to obtain accurate PN dose values. The samebeiltrue as dose
levels in the FOE are assessed. At 300 mA, exfaiipg the pressure versus current data
given in Ref. 6 with linear fits predicts an averdmpckground gas pressure of 27 nTorr.
For Zs, the average of values from Refs. 6 and 23 are, tises Z«=4.0.

Two simulation studies have been conducted with AR assess shielding
requirements. In the first study, dose-rate leuelsontact with the outside-wall of the
FOE are examined when GB radiation strikes Pb dyedm stops within the FOE. The
overall FOE geometry is similar to that presentedrigure 5 of TB-7. In the MARS
FOE geometry, z=0 corresponds to the upstream efilghe FOE inner wall. The
upstream edge of the beam stop is positioned at%ef. Figure 19 shows a transverse,
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elevation view of the MARS FOE geometry at z=675 chlme beam is offset by -15 cm
in the y direction to minimize the volume usedhe MARS simulations. A plan view of
the MARS geometry used to model the FOE is shawfigure 20a. The Pb-brick,
ratchet wall collimator is located at the upstreamd of the FOE. Aperture dimensions
through the collimator are 5.588 cm horizontallg &%54 cm vertically. Upstream of the
ratchet wall collimator are the two tungsten saf#tytters each 30 cm in length apertures
of 7.2 cm in x and 2.0 cm in y. A copper exit maskseen downstream of the wall
collimator.

We focus our interest on the dose-rate in two @amg horizontal at beam elevation
(y=-15 cm) along the outside-wall of the FOE andngl the FOE back wall, and 2)
vertical along the beam axis (x=0) on the FOE raondl back wall. The transverse
dimensions of the stop are varied to obtain dossitbety outside the enclosure. The
FOE Pb shielding thicknesses used are 19 mm forothside wall, 50 mm plus an
additional 50 mm by 1-fsheet centered on the beamline for the back waatl, 12 mm
for the roof.

In the second study, the thickness of lead requoeshield against the GB extremal
ray is determined. The initial approach with MARSS to repeat the geometry described
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Figure 19: Transverse FOE geometry used in MARS=-675 cm, the upstream edge of
the beam stop. Note that the geometry is offset with respect to beam elevation to
minimize the wrapper volume; beam elevation is fomsed at y=-15 cm.
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in TB-20; however, this method proved unsatisfactwhen modeled with MARS and
was abandoned in favor of an alternate approactliséussion of the TB-20 extremal ray
methodology is provided in Appendix B along withaeding results from MARS.

In both studies, 500 mrem/year (5.0 mSv per yeaB50 prem/hr (2.5uSv/hr) for
2000 hours is used as the limiting dose-rate topasewith earlier calculations in TB-7
and TB-20. As mentioned earlier, in TB-20, halftloed dose-rate is ascribed to neutrons,
which were not simulated; therefore, the dose-laté used in that study was 1.25
pSv/hr. MARS simulations include photoneutronshie tose calculations; therefore, the
dose level is restored to 2j8Sv/hr. Prior to presenting the results from theo tw
aforementioned studies, it is first important tedé&e how dose-rate is measured using
MARS. MARS provides two approaches for obtainimaget 1) histograms specified in
the “XYZHIS.INP” file and 2) element geometry ergdrin the “GEOM.INP” file; these
methods are described in the following section.

5.1 MARS Dose Determination

MARS provides several dose equivalent output histmg. For example, one dose-
equivalent histogram for neutrons (DEN) was showRigure 17 of the previous section.
In the present section, the total dose-equivaletbgram (DET) is employed; DET sums
the dose from all radiation components, includimgtpns, electrons, and neutrons. A
histogram is defined in three Cartesian dimensighesce the name of the input file,
XYZHIS.INP) by giving a range for each dimensiomr@e pairs of numbers with
minimums given first and maximums second), as wslithe number of times each
dimension is to be divided. For example, in theEF@ose in the x-direction of the
horizontal plane is specified with a width,£300 cm, centered on the beam axis (x=0)
and divided into 150 equal segmentsx¥2 cm). In the longitudinal direction, the
histogram length, £=1000 cm and is divided into 200 equal segmehits%cm). In the
z-direction, the histogram is positioned to inclutie upstream ratchet wall, as well as
the region just downstream of the back wall as showFigure 20a. The height of the
histogram is 24 cm, centered on beam elevatior2§/em) and is undivided. The two
input lines in the XYZHIS.INP file that specify thigeometry, as well as which
histograms to generate, are as follows:

Xyz -150. 150. -27.0 -3.0 -180. 820. 150 1 200 XZ_air_shower
FLE FLM FLN FLG DEN DEG DET

The histogram in the vertical plane containingltbam axis is similarly specified:

xyz -12. 12. -180. 210. -180. 820. 1195 200 YZ_air_shower
FLE FLM FLN FLG DEN DEG DET

Note that in the vertical plane, the x-dimensionnslivided. Again, the histogram input
file does not specify the actual geometry of timeusation, and it is up to the user to place
the histograms properly. Examples of XYZHIS.INFE@M.INP, and MARS.INP files
used in this study can be found in Appendix C.
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Figure 20: a) MARS FOE geometry in the x-z planebeam elevation and b) DET
histogram of the same region. The DET z-profiles @btained by translating the dose
histogram along z, outside of the FOE wall. Trexale is compressed by a factor of 3.1
relative to x.

Each volume element specified in a histogram isrredl to as a voxel. In the case of
the DET histograms, each voxel records the doseinat tissue region defined in the
geometry input file, “GEOM.INP.” In this reportpde-rate histograms (DHs) are used to
determine the dose-rates in regions occupied Bydigquivalent phantoms. The DHs
should not be used in regions of low density omuwae without a tissue phantom present.
The DH is a collection of adjacent voxels of a sistermined in XYZHIS.INP file in
which the dose is collected. The location is thaned in a defined manner to create a
dose profile. For example, the dose profile spetilong the outer wall of the FOE (z-
direction) is defined as,

. 1 Npz N px
D(zu)zN_t > DETr+NXO’S+NZO+uNpZ , (30)
S r

where DET is the 2-D histogram matrixy nd Ny are the number of voxels within the
DH in the z- and x-directionsN; = Ny, N, is the total number of voxel in the DH,J\

and N, are the starting position indices in x and z, ang the index of the DH z
coordinate where,

Z, =(uNpZ+ NZO)AZ+ ZO+L—22, (31)

and L; is the length of the DH, and s the minimum edge of the geometry both in the z-
direction. For the x-z DET histogram presenteéigure 20b, L=30 cm (N~=6), L,=28
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cm (Ny=14), =-180 cm, No=0, and N=20. The number of full steps in the DH z-
profile is determined from,

L, N L, N
N,gn =| —Z-—20 |-mod| —2-—20 1|,
zdh [LZ N ] [LZ N ] (32)

pz pz
=30

where the modulus function is used; agai,id the total length of the simulation region
in the axial (beam) direction. In the example ahalose is determined from the average
of 84 voxels per DH step. A similar methodologyeisployed in the other transverse
dimensions. The individual histograms themselwesvaitten as binary objects within
the “mars.hbook” output file. The CERNLIB progrgraw++ has been used to extract
the histogram data files into ASCII text files. deatly, effort has been made to speed the
extraction process using Self-Describing Data S&0OS) tools available at the APS
[45]. In particular, the GB DET histograms in Fi3 and the PN DEN histogram in
Figure 17 have been extracted and plotted usirgpttumls [46].

As mentioned above, summing dose equivalent oyfputexample, DEN, DEG, or
DET) in a DH region should onlipe done in volumes specified with tissue phantoms;
otherwise the DH will yield erroneous dose results.

MARS provides an alternative method to obtain dogée form of MTUPLE output
fles (“MTUPLE.EXG” for extended geometry cases tbe type used here); EGS4
employs a similar approach. The MARS MTUPLE fileoyades various doses in
geometrical elements specified in the input geoyride. The MTUPLE dose categories
include the total dose equivalent (DEQ) analogau®ET histogram data. Note that
both histogram and MTUPLE MARS output provide desgHvalent results specified in
units of mSv; thus quality factors are already udeld in the output data sets.
Normalizations of the dose-equivalent output differ the two cases, however. For
histogram output, DET units are specified as mSv fmal charge (e.g., 300
mA=1.873x10° e/s); whereas, in MTUPLE output, DEQ is given imitsi of mSv per
primary particle (ppp).

Four right-rectangular phantom regions are usétlén-OE study: 1) in contact with
the outside wall at beam elevation, 2) in contaith whe roof centered at the horizontal
beam position, 3) horizontally along the back vedllbeam elevation, and 4) vertically
along the back wall again centered horizontallyhatbeam position. For all simulation
data presented below in Figures 21-28, the eledte@m current is 300 mA and beam
energy is 7 GeV. Masks are included in all simatatresults except Fig. 28, where a
well-defined GB beam is desired. The straight isecbackground gas pressure is
assumed to be 27 nTorr with gdf 4.0; the exception again is Fig. 28, whereesgure
of 1 nTorr and a & of 7.3 (air) are used.

5.2 Effects of Masksin the FOE

The exit masks have a strong effect on radiatiorthmn FOE. Collimators are
typically used downstream of the FE exit mask twpdthe secondary bremsstrahlung;
however, because these collimators are reconfitgirae do not consider them in the
simulations. An example of the dose profiles ie thutside wall phantom region (at
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beam elevation) is presented in Figure 21 for #se ©f no mask, a 4.5 mm square mask,
only, and both the 4.5 mm and the 3 mm x 2 mm magksimilar pattern, though a
lower dose level is observed along the phantomhenroof of the FOE as shown in
Figure 22. The masks cause a significant modifinato the dose profile along the z-
direction shifting the peak upstream closer tosttegttering source.
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Figure 21: Dose-rate profiles in the outside wdlamtom with differing masks. The
radial profile of the GB radiation is shown in Sent2, Fig. 9. The reference dose-rate
level of 2.5uSv/hr is indicated. The beam stop is 20-cm-squerss section by 30-cm-
length tungsten.
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Figure 22: Dose-rate profiles in the roof phantoithwdiffering masks. The reference
dose-rate level of 2.aSv/hr is indicated. The beam stop is 20-cm-sqoesss section
by 30-cm-length tungsten.
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Dose-rate patterns along the back wall are alsstantially modified relative to the
case with no mask. The back wall phantom profikeboth the horizontal and vertical
planes are shown in Figures 23 and 24. Withouhéurcollimation, the dose-rates push
significantly above the 2.aSv/hr level at 300 mA. Note that at 200 mA, norhihase-
rates should be reduced by a factor of42525.

5.3 FOE Beam Stop Transverse Dimensions and Material

We next examine the dose-rate while varying therbsip transverse size. The stop
is assumed to be a right-rectangular prism 30 clangth. The cross section of the stop
perpendicular to the GB beam is square, and therdfee transverse dimensions are
characterized by a single value. The full transeesize of the Pb beam stop is varied
from 12 to 24 cm. Dose equivalent profiles areaot®d by translating the red DH region
shown in Fig. 20a in a step-wise fashion alongatkie of interest as described above. In
all cases, the material assigned to the geomepngsenting the FOE phantom shown in
Fig. 20a is set to vacuum. The log of the dose-mdta are fit with sixth-order
polynomials using a least-squares algorithm foundthe mathematical application
software, MathCAD [47]. The polynomial fits help $mooth the statistical nature of the
low-level dose.
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Figure 23: Back wall dose-rate in the horizontahp for O, 1, and 2 masks. The beam
stop is 20-cm-square cross section by 30-cm-letgtgsten.

Variations in beam stop dimension (a square crestsos is being assumed) along
the side and back walls are given in Figures 252fhd Little difference is observed in
the profiles along the side wall for stop sized®fand 24 cm in W, except in the region
of the stop itself. Finally a comparison of beaopsmaterials (Pb or W) is presented in
Figure 27 along the horizontal back wall. For bstbps a transverse size of 24 cm is
chosen.
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The statistics present in the DH data shown irdE& profiles plotted in Figs. 21-27
are based on ten MARS runs. Each run starts wdiffexent random seed.
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Figure 24: Back wall dose-rate in the verticalngldor O, 1, and 2 masks. Note the
offset in beam elevation. Beam height is set aly=<m, as indicated Fig. 19. The beam
stop is 20-cm-square cross section by 30-cm-lengtgsten.
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Figure 25: Side wall phantom dose-rate for W beaop transverse dimensions of 12

and 24 cm. The most significant difference ocaarthe region of the stop. A single 4.5
x 4.5 mnf mask is included in the simulation.
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Figure 26: Back wall dose-rate profiles in theibhontal plane for W beam stops of
differing transverse dimensions. A single 4.5 % 4anf mask is included in the
simulation.
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Figure 27: Comparison of horizontal back wall dose for Pb and W 24-cm-square
beam stops. A single 4.5 x 4.5 famask is included in the simulation.

5.4 Extremal Ray

Dose-rate from GB radiation striking a thick targeatterer within a beam pipe is
simulated to compare with a similar analysis giwvermB-20 to determine the extremal
ray requirement. After using MARS to review theliea approach (see Appendix B), the
determination was made to investigate an altereatiethod. The geometry used for the
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new study described here is simple and obtainedeplacing the square cross-section
beam stop with a cylinder of the same length, 30 Gitne radius of a Pb target is varied,
while dose is recorded using the back wall tissuenpom.

Determination of the extremal ray distance requkmswvledge of the GB beam size,
which is provided in Section 2. For the smallesgét radii, a fraction of the primary GB
beam passes by the target altogether (or perhg@ierces one scattering within the
Moliere radius) and directly strikes the Pb shieddon the back wall. A fraction of this
radiation then showers through the shielding toldek wall phantom. Dose-rate in the
back wall phantom as a function of target radsh®wn in Figure 28. The dose-rate is
determined from phantom geometry DEQ values givethe MARS extended geometry
output file MTUPLE.EXG as discussed earlier. Fadir of 3 cm and above, primary
bremsstrahlung is essentially blocked. Dose-rat¢he phantom varies weakly with
target radius for r>3 cm. The simulations caried for the data presented in Figure 28
are done at 1 nTorr of background gas pressurejubsiose values are not important in
this case.

The dose in the phantom appears to be characteboizdd/o behaviors: 1) a large
variation with radius for small target dimensiomsl &) a much smaller change for larger
radii. The small radius dose appears to be thétregdirect primary GB on the FOE
back wall, as well as scattering up to the Molieadius. The Moliere radius, the
characteristic transverse dimension of the shomay, be written as [17],

E

Ry = XOE—i : (33)
where E = V(4n/o)mec® =21.2 MeV and the critical energy may be expressed
800
E.(MeV) = . 34
o ) Z+1.2 (34)

The critical energy in Pb is 9.6 MeV, the radiatiength is 5.8 g/cfy and the Moliere
radius is 12.8 g/cf In terms of physical length, the Moliere radiBs#ppr=1.1 cm.
Assuming the beam edge radius,to be twice the FWHM value given in Fig. 9, then
re=2(0.356 cm)=0.712 cm. The extremal distancg,is taken to be the difference
between the back wall phantom dose breakpoint sagjand the beam edge radiug, r
= Ipp - le. As shown in Fig. 28,5 = 2.7 cm; thus,ef = 1.988 cne 2.0 cm.  Relative to
the Moliere radius, the separation thickness is 1.1 cm=1.822; therefore, the
separation between the extremal ray and the edgeeathielding is 2R In the context
of TB-20 therefore, an extremal ray should comelneer than 2.2 cm to the lateral edge
in Pb. For W with a Moliere radius of 0.65 cm,imitar argument sets the extremal ray
shield edge separation at 1.3 cm. TB-20 [2] recemdad that the extremal ray in the
case of bremsstrahlung ray-tracing should not @geclthan 4.5 cm from the lateral beam
stop edge in Pb and 3.0 cm in W; this representethge between 4.3Rand 4.6R in
the respective metals.

39 of 44



100 — | I I I | |

10 & _
_ " 2.5 uSv/hr
=
=
ERN _
g \\\
2 —d
| N e Y
2.7 cm :
0.01- ; ' [ I I I

Figure 28: Back wall phantom dose-rate versus beaget radius. The intersection of
the fast and slow response curves represents tiienom radius of the Pb stop required
to fully shield the back wall phantom from direcB@diation. The maximum extent of
the GB beam is 2xFWHM=0.71 cm.

6. Discussion and Summary
6.1 Dose Results

The GB power predicted by MARS gamma fluence spettagrees very well with
the analytical model, see Table 2. The slight eoément of the low-energy MARS
spectrum does not appreciably affect the integragsdlt. Given the two independent
methods employed, one should conclude that MARS dessonably well simulating GB
power. Analysis and simulation both are in reabtsnagreement with the measured GB
power associated with PN measurements. Possiplaretions for discrepancies were
presented in Section 4 and include uncertaintyeantdine Zg, pressure, and undulator
straight section alignment. MARS provides a reabbnaccurate representation of the
GB spatial distribution, in agreement with thinget GB theory; however, as shown in
Fig. 10, care must be taken not to make the agetaoo thick. An air target pressure of
1 atmosphere and length of 24 cm appears to becuaper limit.

Initial maximum dose-rates predicted by MARS anel éimalytical model show good
agreement between them; in addition, reasonablifasinesults are obtained with EGS4
in TB-20 when conservative assumptions are usdte rmaximum dose-rate from TB-20
appears conservative in the photon-dominated shoegions of stops; however, this is
not the case for thick stops, where dose comesapitinfrom photoneutrons. The Abel
Inversion (Al) method provides an accurate estinodtéose radial distribution provided
that statistics in the average Cartesian doselpsofire good and the profiles are well
behaved. The Al analysis begins to systematicafiglerestimate the dose at deeper
target thickness, because the fitting process temdlsss accurate. Rather than fitting a
radial distribution to noisy data, it may be bessimply numerically integrate the data.
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Regarding contact dose-rate in TB-20, it was fotrad MARS did not reproduce the
results obtained in TB-20 when turning off PNs; lewer, as shown in Fig. 14, including
PNs in the MARS simulations brought the results Imaloser to the TB-20 modeling.
This is most likely because a conservative estimate used as the initial dose-rate for
EGS4; however, the agreement only occurs up tothiegkness where PNs do not
dominate the dose-rate. Above this thickness, H®&S4 results are no longer
conservative.

As for comparisons with PN dose-rate equivalentsussaments, MARS simulation
results presented in Table 6 are approximatelytitids the measured values in beamline
6-ID and close to that measured in 11-ID, see T@bl&Ve found that at the time the PN
measurements were made, beam misalignment in Gellddwhave caused a reduction by
a factor of 3 in effective straight section pathgth and thus also in GB power. Given
the additional variability due to fluctuations ingZand pressure, the MARS results are in
reasonable agreement with measurements. In codproperly model the PN dose (a
tertiary product), the simulation requires an aateirmeasure of undulator beamling: Z
and pressure, as well as the inclusion of collioraby exit masks. Modeling beamline
conditions such as pressure with a separate Moautle @nalysis [25] may be useful for
predictive purposes, especially as higher beamentsrwith the APS upgrade are
anticipated.

Using MARS to evaluate the necessary beam stoguease size within the FOE as
previously described in TB-7, indicated that smaeops do lead to increased dose,
however this is mainly in the vicinity of the stophicker targets appear to stop more of
the direct GB radiation scattered from the upstreaoh of the FOE. The best stops in
terms of radiation protection would appear to heséhof 24-cm-width W. The FE exit
masks are found have a significant effect on theedbstribution in the FOE. It may be
necessary to complete further studies to verify thaelding is satisfactory before the
expected upgrade to 200 mA takes place.

An alternative approach to determine the extreragl thickness was used with
MARS. By varying the radius of a cylindrical Plygat and calculating the dose-rate in
the back wall phantom, one could observe the tleisknvhere the direct and Moliere
scattered GB radiation was effectively turned dfhe beam edge radius of 0.71 cm and
a dose break point radius of 2.7 cm indicates thatcm of Pb as an extremal ray
thickness should be sufficient. The simulatiorgigate an additional thickness of R
should be sufficient to shield the extremal rayed®ined in ray-tracing analysis.

6.2 Computational Considerations

MARS simulations were run for this study using usiVe or weighted events rather
than using exclusive or unweighted events. Inftmener case, if a reaction produces
four secondary particles of equal probability, dragectory is followed with a weighting
of 4 rather than for the latter case where all feecondary trajectories are tracked. This
weighting process is referred to as importance sagip Importance sampling reduces
the burden on CPU time, but for thick-target sirtiaolas where the numbers of tracks
become diminished, it can unduly weight individealents and reduce spatial dose
accuracy. MARS is well regarded in the high-enep@lysics community [48]; future
upgrades to the program include the implementatain EGS5 for simulating
electromagnetic showers [49].
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Regarding computing capability, the low levels adliation simulated here begin to
test machine capability and computational accurfacysingle runs, even with 20
primary events. This limitation can be exceedethviiatch submission of multiple
MARS jobs. The maximum number of primary eventst ttan be simulated currently
with MARS is 2x10. Multiple parallel submissions of MARS jobs casmnallow the
number of primary events to go higher. In the @nésvork, the average of 10 jobs with
each initiated with random seeds provides improstadistics. Due to the fact that the
code uses inclusive modeling, large numbers ofgmyevents are necessary to bring the
statistical noise down. The speed of data analgsiglso a critical parameter when
dealing with the large amounts output data thatbsagenerated by simulations. The use
of SDDS tools has begun to improve the throughpudtata analysis and will continue to
reduce the turn-around time between model conaepiidl analyzed results.
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Appendix A: Benchmarking MARS

A-1. Comparisons of Gas Bremsstrahlung Photon Density with Target Density

The angular distribution of gas bremsstrahlung @hetcalculated by MARS was
compared with those given by Asano using EGS4 [38RARS results present in Figure
A-1 are in general agreement with the EGS4 simanatishown in Figure A-2, though
noisier.
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Figure A-2: Photons per electron per
steradian per meter of target length from
EGS4 (reprinted with permission from
Reference 36).

Figure A-1: Photons per electron per
steradian per meter of target length from
MARS.

The EGS4 results are specified as having only otexaction in the GB target gas. It
was not possible to set this parameter in MARS.

The CPU time increases for low-density, gas bremissing production targets;
variations in CPU speed must also be considerdae fdllowing table summarizes the
performance of MARS on weed while in MPI mode (flargrocessing). Table A-1
presents the average time it takes to follow alsimgimary trajectory through the
simulation including all subsequent daughters. iat@ns in node processing speeds are
not accounted for. In the table, smaller timesciatk better performance.

A-2. GB Photon Density and Threshold Electron Energy

The threshold of the electron interaction energyillEB. was varied as indicated in
Figure A-3. Below the value of EMIEL, the MARS @dtops tracking the electron.
Note that the minimum setting for this parameteG8 keV in MARS; whereas in EGS4,
it can be as low as 10 keV. Little change is natethe EGS4 data above 100 keV as
seen in Figure A-4; the minimum setting used in MARas 200 keV. Note that the total
electron energy (kinetic + rest mass) is used Ir6E@nd presented in Fig. A-4. An



Table A-1: MARS CPU time per 1 primary event in MRbde (parallel processing)

while varying gas bremsstrahlung production tadgetsity and length.

CPU time per one primary evepts)

pL(g cm?) 1.205x10" 1.205x10° 1.205x10° 1.205x10"
L (cm)
10 130.1 +5.1 100.8 + 2.1 100.4 + 1.5 93.15 + 4.57
Necpu 15 15 15 15
NEVT 2x10° 2x10° 2x10° 2x10°
100 837.9+422 836.1+41.7 975.7+49.0 811.1+22.4
Ncpu 5 5 8 8
NEVT 1x1¢ 1x1¢ 1x10 2x10°
1000 7192. +253.  6147.+184. 7061.+484. 7221.+ 336.
Necpu 15 15 12 12
NEVT 2x10° 2x10° 2x10° 2x10°

enhancement at the low-energy end of the spectsuabserved in MARS; though not
observed in EGS4, a similar enhancement is obsenvedUKA-generated spectrum to

be discussed in the following section.

Figure A-3: Normalized GB photon spectra from MARSile varying the electron
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Figure A-4: GB photon spectra with EGS4 varying A& minimum cutoff energy for
electrons (reprinted with permission from RefereB6e For comparison with Fig. A-3,
note that AE includes the electron rest mass energgreas EMIEL in Fig A-3 does not.

A-3 PN Production

The production of photoneutron (PNs) is an impdrfanction of the MARS code as
it relates strongly with radiation protection; tbfare we wish to know that it is
producing accurate results. We already saw ini@edt that it produced results within
the relatively large errors allowed in the PN meements. The results of Sheu and
coworkers [Al] using FLUKA to model GB in the beameals of the National Synchrotron
Radiation Research Center (NSRRC) in Taiwan aré tsseompare with MARS. At the
NSRRC 1.5 GeV electrons interact with a backgrogag that is largely diatomic
hydrogen. This gas composition, given in Refereidtewas modeled with MARS. The
MARS user subroutine LEAK was employed to tracktrems leaving a small (3.85 cm
diameter) Pb target 5 cm in length. The comparisopresented in Figure A-5. The
peaks of the distributions are in agreement néde¥ however, the amplitudes differ by
just over an order of magnitude. Based on contiersawith the NSRRC author, there
may be a factor of @ unaccounted for in one of the data sets. Usimgescription
provided by the MARS author, the number of photesssolid angle is determined as,

W, E;
N, = , (A-1)
i | kQN gyt JAE,
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Figure A-5: Comparison of PN production in a Plgéirmodeled with FLUKA (left)
using NSRRC-related parameters and the same gsometr MARS (right). (NSRRC
FLUKA results are used with permission from thehawu)

where W is the summed weight in spectral bin j,is€the energy of thé"jbin, ks is the
scale factorQ the solid angle, N+ the number of initial trajectories, and; the | bin
width. The weight variable averaged oversHparate runs is expressed as,
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Figure A-6: The GB spectra used to model the NSRB&nline. Note the enhancement
in the low-energy FLUKA spectrum. Ten bins existween k/E=0 and 0.2; with an
electron energy, &1.5 GeV, each bin represents a fixed width of 3®&/M The first bin
shows the enhancement, which is consistent withMBd&RS results in the previous
section. (Data used with permission from the augho



Wj :i%ivvfk,za(\/\4 k,1 = EJ )’ (A'Z)

Nf k=1

where W is an Nx2 matrix containing are all the weighted neutrovergs detected
within the solid angle from all runs (column 2) atiee energy at which these events
occur (column 1). The solid angle is calculated as

Q=AQ(6,,8)

=-21(cosh, - co$,) (A-3)
The data are noisy at the low-energy end of thetsjpm. The MARS author suggests
using MCNP or MCNPX libraries for neutron transpbeiow 14 MeV; however for the
simple geometry of the simulation, these librasbsuld not be necessary. Nevertheless,
based on the results in Section 4, when we havdidemce in the experimental
conditions, MARS appears to do a reasonably jotredicting neutron dose equivalent.

A-4 Proton Beam Comparisons

The validity of MARS was tested by comparing itdmu with the results of other
analyses. The ability of MARS to model relativébyv-energy beam deposition was
checked by modeling a proton beam striking a witeget phantom. This problem has
been examined in the context of evaluating thectffeness of proton beam radiation
therapy [A2]. The authors of this study used tleAGT3 Monte Carlo program for their
simulations. MARS output was compared with thelishled data at 120, 150, 180, and
250 MeV. The longitudinal step sizes were 0.4 ontlie GEANT3 study and 1.0 cm for
MARS. A graphical comparison of the Bragg peakatams is presented shown in
Figure A-7; and is tabulated in Table A-2. Diffeces in the location are due to the
difference in longitudinal step size: 0.4 cm forANH 3 and 1.0 cm for MARS.

Table A-2: Comparison of Bragg Peak locations wager target determined from
GEANT3 and MARS.

proton energy | Bragg peak location Bragg peak location  difference (%)
(MeV) GEANT3 (cm) MARS15 (cm)
120 10.2 10.5 2.9
150 15.4 15.5 0.6
180 21.0 21.5 2.4
250 37.0 37.5 1.3

An absolute dose comparison of the proton beam wager target was made with a
simple numerical calculation implemented in MathCADhe formalism employs linear
energy transfer (LET) using restricted mass stappower (RMSP) data given in Turner
[A-3]. The LET data for a 10-keV transfer increrhare given in Table A-3 and fit with
a fourth-order polynomial over the given range oérgies, 0.05-100 MeV, as shown in



Table A-3: Restricted mass stopping power for prstio water ahE=10 keV.
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Figure A-7: Comparison of Bragg peak locations deteed from a) GEANT3 and b)
MARS15 for proton beam energies indicated in MeV water target. Longitudinal step
size is 0.4 cm in the GEANTS3 simulation and 1.0ionMARS. The GEANTS3 data are
reprinted with permission from Reference A2, Fifa)lcopyright 2005, IOP Publishing,
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Figure A-8. Using the LET function generated byg fit, the algorithm calculates the
width of each longitudinal step for the fixed enemgcrement. The beam energy is then
decremented by this energy step, and the procpsated until the beam energy is zero.
The number of increments per unit distance traveletie water target then determines
the dose. A comparison of dose calculated frometiergy deposition algorithm with a
MARS15 simulation for a 100 MeV proton beam is préed in Figure A-9. The initial
proton beam current isjA. The location of the Bragg peak differs for timdtcases, as
expected. In the Turner model, energy increments @imply subtracted from a
monoenergetic beam; whereas, MARS takes into atchenspatial broadening and
increasing energy spread of the beam due to intenscwith the water. At higher
energies, the two methods predict almost idengoargy deposition in the water target.
Beam spreading is indicated by the dose-rate higtog presented in Figure A-10, again
for 1 pA. In this case, for initial proton energies o012nd 180 MeV, the growth in the
transverse extent of the dose is evident as the bevels from left to right through the
water target. Note that dose is tracked in onlyadsatral 20 cm of the water target about
beam elevation.
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Figure A-8: RMSP data for protons in Figure A-Q Comparison of the Turn
water with a #-order polynomial fit. model and MARS15 simulation
absorbed dose for 100 MeV proton:
water.
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The purpose of these two studies is to test the hadidity of MARS in terms of
energy deposition and conservation. In the latteithe two comparisons, energy
deposition in water is directly compared with a @ennumerical algorithm. In both
cases, MARS results are in good agreement thaenateeapproach, within the accuracy of

the model.
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Appendix B: TB-20 Extremal Ray Methodology—Results with MARS

The simulation technique used at the APS to detexrthe Pb thickness required to
shield against the extremal ray was initially thegsented in TB-20 using EGS4. In TB-
20, a solid copper scatterer is placed directihenpath of the GB radiation. The copper
fills the full aperture and wall thickness of them O.D. beam pipe. Dose is recorded in
a phantom in contact with the edge of the beam (@pg. Lead shielding is then placed
around the copper and dose is again recordedtitieswith the phantom translated 30
cm from the edge of the beam pipe. The simulati@m determines phantom dose as a
function of shielding thickness.

In TB-20, a contact, no Pb dose-rate of 38v/hr was obtained in the EGS4
simulation; however, this did not account for thesel due to neutrons. In TB-20, a
limiting dose of 500 mrem/year (5 mSv/year) wasdus&he limiting dose was assumed
to be spread uniformly over 2000 hours for an eajeint hourly rate of 0.25 mrem/hr
(2.5 pSv/hr). The absence of neutrons in the EGS4 stionlavas accounted for by
assuming that they represented one-half of thd tlmse, and therefore the limit for
photons modeled by EGS4 was set at 0.125 mrem/hdWARS on the other hand,
includes neutrons in the total dose; thus, to complee MARS results with those from
EGS, the limiting dose here was kept at 0.25 mre@id the contact dose from EGS4
was multiplied by 2 or 6QSv/hr. The TB-20 geometry is presented in Figwk B

In TB-20, it was reported that the dose falls betbe limiting value of 2.5uSv/hr for
a Pb shielding thickness of 4.4 cm; therefore 4bwas recommended as the extremal
ray requirement.

a) air b) air

_ |
§ -25 tissue °
> |

tissue

-5(—)40 -30  -20 -10 0 10 -5(—)40 -30  -20  -10 0 10

X (cm) X (cm)

Figure B-1: TB-20 extremal ray geometry used wit632 and initially MARS. a)
Contact dose with “beam pipe” filled with coppeaterer, and b) phantom moved 30 cm
from beam pipe edge with Pb shielding. The dicgctaf the GB beam is into the page.
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Figure B-2: Extremal ray MARS dose calculations\g$B-20 geometry.

Figure B-2 shows simulation results of the TB-20metry using MARS; the dose-
rate as a function of Pb shielding thickness apgres, but never crosses, the @S#hr
limit, most likely due to the presence of neutrons included in the EGS4 simulations.
MARS calculations in Fig. B-2 indicate that, for Bnelding in the configuration shown
in Fig. B-1, little if any mitigation of the dos@&te in the phantom tissue is achieved by
increasing the thickness of the Pb beyond 4 cns fidduced shielding efficacy is due to
the fact that heavy metals such as Pb are pooramesiielding materials.

Regarding the determination of the minimum distaneguired between the GB
radiation extremal ray and the edge of heavy nsttgls and collimators, the geometry
used in TB-20 (shown in Fig B-1) was replaced vitte more realistic configuration
presented in section 5.4, where the stop/collim&anside the white beam enclosure
(FOE), and the dose-rate is calculated outsidesthedded enclosure.
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Appendix C: Examples of MARS Input Files Used to Mdel the First
Optics Enclosure

Several input files are necessary to run MARS satnuhs; these include the
MARS.INP, GEOM.INP, and the XYZHIS.INP files; exalap of these files for the FOE
are presented below. The other files (not showolude m1507.f, the main and user
subroutine file, and GNUmakefile which instructs teystem on compilation of the
executable (e.g., single- or multiprocessor mode).

MARS.INP

The MARS.INP file provides global run parametersniiber of events, beam energy,
etc) material specification and overall and staddggometry regions. See the MARS
manual, Sections 3 and 4 for parameter definitions.

Contact Dose Calculation for TB-44 review. JCD/10/0 1/01
/share/mokhov/restricted/mars15/dat

INDX 3=T
CCTRL3=1

C RZVL 5=5.E8
C TAPE 18

CTRLO
NEVT 2E8

SEED 35415027

C default SEED value: 54217137 (octal--no digits gr eater than 7)
ENRG 1=7.0
C BIAS 6=0. 7=0. 8=0.
C
C INIT 3 starts at z=-2450 cm for a 10 cm air targe t (centered), -2464
cm for a 24 cm air target
C (original, not centered), -2514 cm for a 100 cm t arget (should be -
2490 cm for centered target),
C and -2940 cm for a 1000 cm (10 m) target (centere d). Would be -3209
cm for a
C 1538 cm (15.38 m) target (centered), but not doin g this; takes too
long to run--jcd 091228.
C
INIT 2=-15.0 3=-2464.
IPIB 10
SMIN 0.01 3.0
C ZMIN=-2490.
ZMIN=-2464.
NLNG 1
ZSEC 820.
C ZSEC -110.
2501=0
DRAFT
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NLTR 1

RSEC 225.

C RSEC 40.

CNOBL1

C RZOB

NMAT 7

MATR 'CU' 'TISS' 'AIR' 'PB' 'CONC' 'VAC"'W'
C MTDN 3=1.

MTDN 3=0.001205

VARS 4=1.873E18
NHBK 1

STOP

GEOM.INP

The GEOM.INP file defines the extended geometrydusedefine the FOE. The fields
and geometry types are provided in the MARS mar&edtions 3 and 4.

Modified FOE beam stop, air-bremmstrahlung source, TB-7 (TB-44) JCD
09/11/29
IOPT
IVNAME TYP XM IM X0 YO Z0 C1 C2 C3
NX NY Nz
|
I Safety Shutters
|
bxWssAp 1 0 0 0. -15. -180. 3.60 1.00 65.0
bxwWssUS 1 0 7 0. -15. -180. 10.00 3.75 30.0
bxWssDS 1 0 7 0. -15. -145. 10.00 3.75 30.0
|
I Slit mask main body drawing 4105091505-830001, Re v. 03
|
bxCuMskT1 1 1 0. -12.476 72.93 3.846 1322 27.97
bxCuMskB1 2 1 0. -17.524 72.93 3.846 1322 27.97
bxCuMskL 1 3 1 2.947-15.00 72.93 0.902 3.846 27.97
bxCuMskR 1 4 1 -2.947-15.00 72.93 0.902 3.846 27.97
bxApMnMk1 0 0 0. -15.00 100.75 0.225 0.225 0.25
bxCuMnMk1 0 1 0. -15.00 100.75 3.848 3.846 0.25
cyApMkBC 2 0 0 0. -15.00 104.146 0.0 2.063 0.551
bxCuMkTd1 2 1 0. -14.275 100.90 0.5 0.5 3.747
bxCuMkBd1 1 1 0. -15.725 100.90 0.5 0.5 3.747
bxCuMkLd1 5 1 0.725-15.00 100.90 0.5 0.5 3.747
bxCuMkRd1 6 1 -0.725-15.00 100.90 0.5 0.5 3.747
bxCuApetl1 0 0 0. -15.00 72.93 2.045 1.202 27.97
bxCuAped1 0 0 0. -15.00 100.90 0.50 0.50 3.747
bxCuFilU1 0 1 0. -15.00 7293 3.848 3.846 31.717
|
I M4-30 APS 2 mm x 3 mm Water-cooled fixed mask ass embly drawing
1 4105091004-300000, Rev. 02 and Pb collimator in F OE.
|
elliApet6 0 0 0. -15.00 106.0 0.15 0.10 O.
15.76

DRAFT
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coneApet4 0 0 0. -15.00 106.0 O.

0.1 14.05

bxCuMask1l 0 1 0. -15.00 106.0 3.175
bxPbapet1 0 O 0. -15.00 221.76 0.75
bxPbColl1 0 6 0. -15.00 221.76 15.0

|

i Vacuum pipe, target/beam stop, and contact phanto
!

ape-4v 1 00 0. -15. -80. 3.90

Icy-tPb 2 04 0. -15. 675. 0.00

box-PbW 1 0 7 0. -15. 675.0 10.

box-2t 1 0 2 0. -15. 705.0 10.

5 1
box-3t 1 0 2 0. -15. 710.0 10.
1 1

i Tissue phantom volumes along outer walls
I

box-Tts 1 0 2 0. 201.2 -80.0 15.0
box-Sts 1 0 2-136.9 -15.0 -80.0 15.0
boxBHts 1 0 2 0. -15. 780.0 151.9
boxBvts 1 0 2 0. 106 780.0 15.0
|

| FOE volume
|

box-vac 106 -30.00 1500 0. 90.00
I

I Ratchet wall

|

box-5Pb 1 0 4 0. -15.635 -80. 20.32
box-6Pb 1 0 4 0. -15.635 -67.935 20.32
box-7Pb 1 0 4 0.00 -15. -55. 17.145
box-8Pb 1 0 4 0. -15. -50. 7.874
box-vac 1 0 6 0. -15. -80.0 17.78

i FOE walls floor and ceiling
I

bxPbwib 1

04 -30. 15. 770.0 90.0
bxPbwla 1 0 4 0. -15. 775.0 50.0
bxPbwll 1 0 4-120.95 15. 0.0 0.9
bxPbwlr 1 0 4 -30.95 185.6 0.0 90.95

box-con 1 0 5 -295 0.6 -80. 118.95
I

I Air source and wrapper volumes

I

cylar 2 0 3 0. -15. -2464. 0.0
cylvac 2 0 0 0. -15. -2440. 0.0
cylvac 2 00 0. 0. -180. 0.

TR1 0. 0. 0. 2. 0. 0.
TR2 0. 0. 0.-2. 0. O.
TR3 0. 0. 0. 0. -3.7350.
TR4 0. 0. 0. 0. 3.7350.
TR5 0. 0. 0. 0. 20 O.
TR6 0. 0. 0. 0. -20 O.
stop

DRAFT
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0.518 O.

3.175 15.76
0.75 30.00
10.00 30.00

m

1.30 755.
3.00 30.

10.0 30.

10.0 5. 5

100 25. 1

15.00 860.0
15.00 860.0
15.00 30.0
175.60 30.0

170.0 770.

20.955 12.065
20.955 12.065
17.621 5.08
6.35 40.0
17.78 80.

170.0 5.
50.0 5.
170.0 775.
0.6 775.
185.60 855.

50 240
5.0 2360.0
225.0 1000.0



cyl-da 2 2 4 0.-40.125. 0. 5. 25. 5 2 lcyl-4da
VNAME TYPETRFIM X0 YO Z0 C1 C2 C3 NZ NR

XYZHIS.INP

The XYZHIS.INP file defines histogram “detectordiat are used to collect different
types of radiation in various presentations; foarmagle, histograms may be used to
sample dose, collect particle spectra, or recondigha fluence. These detectors are
essentially independent of the GEOM.INP definitiot®owever, dose equivalent
histograms (DEG, DEN, DET, etc.) must be specifiedeometry regions occupied by
tissue phantoms. Consult the MARS manual, Sediibfor ranges and definitions.

XYZ histo TB7 (TB44) 2008-Sept-01, modified 2009-De c-23 JCD

xyz -12.0 12.0 -27.0 -3.0 675. 705. 120 120 1
XY_Pb_shower
DEE DEN DEG DET

xyz -12.0 12.0 -27.0 -3.0 675. 735. 1 120 120
YZ_Pb_shower
DEE DEN DEG DET

xyz -150. 150. -27.0 -3.0 -180. 820. 150 1200
XZ_air_shower
FLE FLM FLN FLG DEN DEG DET

xyz -12. 12. -170. 220. -180. 820. 1 195 200
YZ_air_shower
FLE FLM FLN FLG DEN DEG DET

xyz -5. 5. -20. -10. -2464.-2400. 51 1120
XZ_air_shower

FLE FLG

xyz -10.5 10.5 -25.5 -45 705. 706. 21 21 1 XYZin
tiss

FLE FLN FLG FLM DEE DEG DEN DET

!

xyz -5. 5. -20. -10. -2425.-2420. 1 1 1e0,&n
spectra in GB

SPE SPG SPN

stop

I XYZ X1 X2 Y1Y2Z1Z2NXNY NZ TEXT
I Histo types (1-32):

C STA- star density E>50 MeV (cm”-3 sM-1)
C DRE- 30d/1d residual dose on contact  (mSv/hr )

C FLT- total flux of hadrons E>ETFT (cm"-2 sh-1)
C FLP- flux of protons E>ETFH (cm”-2 sM-1)
C FLN- flux of neutrons E>ETFN (cm”-2 sM-1)
C FLK- flux of pions/kaons E>ETFH (cm”-2 sM-1)
C FLM- flux of muons E>ETFM (cm”-2 sM-1)
C FLG- flux of photons E>ETFG (cm”-2 sMh-1)

DRAFT

C-4



C FLE- flux of e-e+ E>ETFE (cm”-2
C

C DAB- absorbed dose (Gylyr)
C DPA- DPA (DPA/yr
C

C DET- FTD prompt dose equivalent, total (mSv/hr
C DEP- FTD prompt dose equivalent, proton (mSv/hr

C DEN- FTD prompt dose equivalent, neutron (mSv/hr

C DEK- FTD prompt dose equivalent, pi/K  (mSv/hr

C DEM- FTD prompt dose equivalent, muon  (mSv/hr
C DEG- FTD prompt dose equivalent, photon (mSv/hr

C DEE- FTD prompt dose equivalent, e+e-  (mSv/hr
C

C PDT- power density, total (mW/g o

C PDP- power density, proton (mW/g o
C PDN- power density, neutron (mW/g o
C PDK- power density, pion/kaon (mW/g o
C PDM- power density, muon (mW/g o
C PDG- power density, photon (mW/g o
C PDE- power density, e-e+ (mW/g o
C

C Don't use DLT: it is exremely slow now!!!
C DLT- instantaneous temperature rise (degCo

(PpP)
C

C Default cutoff energy is used for spectra:
C

C SPP- proton energy spectrum (Gevr-1
C SPN- neutron energy spectrum (Gevr-1
C SPK- pion/kaon energy spectrum (Gevr-1
C SPM- muon  energy spectrum (Gevr-1
C SPG- photon energy spectrum (Gevr-1
C SPE-et+e-  energy spectrum (GeVvr-1
C

I'In any run: Sum_detectors (Sum_types) =< nof_hist

DRAFT

C-5

sh-1)

at 2.e7 slyr
) at 2.e7 slyr

e N N N N N

r Gy/s)
r Gy/s)
r Gy/s)
r Gy/s)
r Gy/s)
r Gy/s)
r Gy/s)

r degK) per AINT

cmh-2 sh-1)
cmh-2 sh-1)
cmh-2 sh-1)
cmh-2 sh-1)
cmh-2 sh-1)
cmh-2 sh-1)

max (=300, default)



